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Abstract 
In the current study, three different types of NPs were used with varied size, namely, Ludox 
silica nanoparticles (SNP), polystyrene sulfate latex nanoparticles (PSSL) and cobalt 
oxyhydroxide nanoparticles (CoOOH-NPs). SNPs with three different size distributions have 
the nominal particle diameters 7, 12 and 22 nm. PSSLs with four different size distributions 
have the mean particle diameters 21, 41, 63 and 80 nm. CoOOH-NPs have a mean domain 
size of 3.7-4.5 nm. While SNPs and PSSLs are negatively charged in alkaline dispersion 
medium. COOH-NPs were dispersed in acidic medium having a positively charged surface. 
This study focuses on considering the influence of the variation of the counterion type and its 
concentration on the determination of the particle size distribution (PSD) of charged 
nanoparticles using capillary electrophoresis (CE). CE provides a suitable method to measure 
the size of NPs through converting electropherograms into a PSD. This approach is based on 
an exact determination of the electrokinetic potential ζ by measuring the electrophoretic 
mobility ep  
in an electrolyte of known composition, in combination with a second 
independent method that determines the mean particle radius such as TEM or Taylor 
dispersion analysis (TDA).  
TDA measurements were used to determine the mean collective diffusion coefficient and the 
mean hydrodynamic radius via Stokes-Einstein equation. Later, these values of the mean 
hydrodynamic radius were used in the calculation of the calibration functions to obtain PSDs 
for the three types of NPs under this study. In addition, preliminary investigations and UV-Vis 
spectroscopy measurements were made for CoOOH-NPs in an aqueous solution of a 
monoprotic acid with varied type of anion as counterion. Results obtained show that the 
continuous decrease in the colour intensity and the absorbance at band maximum for CoOOH-
NPs dispersions are independent of the type of anion. 
For electrophoretic mobility measurements, two series of SNPs were used with varied sizes 
with different counterion types, namely: Li
+
, Na
+
, K
+
, and guanidinium (Gdm
+
) with varied 
ionic strength ( I = 20-120 mmol L
-1
) at 25 
o
C. For PSSL with varied sizes, electrophoretic 
mobility measurements were made with Na
+
 as counterion in the ionic strength range 10-50 
mmol L
-1
 and with Li
+
, Na
+
 and Gdm
+
 as counterion in the ionic strength range 40-120 mmol 
L
-1
, at 20 
o
C. In the case of CoOOH-NPs, the electrophoretic mobility measurements were 
made in acidic solution of pH 2 at 25 
o
C using different methods for coating of the inner 
capillary wall, because these NPs have a positive charge on their surface. Also, the influence 
of parameters such as injection parameters, applied electric field strength and concentration of 
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CoOOH-NPs in the sample were investigated. In all investigations, the electrophoretic 
mobilities for NPs are dependent on the type of counterion, which can be attributed to 
Hofmeister effects also called the specific ion effects. 
The modification proposed by Pyell et al. based on an analytic approximation introduced by 
Ohshima, was used to estimate the electrokinetic potential ζ for all NP types. For the 
determination of ζ from the obtained electrophoretic mobility, the procedure takes the limiting 
equivalent conductance of the counterion or its ionic drag coefficient into account neglecting 
the limiting equivalent conductance or ionic drag coefficient of the co-ion. Results for |ζ | 
follow the order Li
+
 > Na
+
 > K
+
 > Gdm
+
 for SNPs and the order Li
+
 > Na
+
 > Gdm
+
 for PSSLs, 
whereas for CoOOH-NPs there is a decrease in ζ in the order NO3
¯
 > Cl
¯
 > CH3SO3
¯
. This 
dependence of |ζ | on the type of the counterion is also reflected by the determined values for 
the electrokinetic surface charge densities |  |. 
Finally, size distributions of NPs were obtained from using the method developed by Pyell 
and Pyell et al. Electropherograms are converted directly into size distribution functions. The 
results of using the developed method for SNPs are reliable independent of the type of 
counterion. There is a good agreement with the results from using TEM analysis for the 
dispersion (width), which indirectly confirms the validity of the theoretical approach for the 
calculation of ζ from electrokinetic data and the mean particle size. There are advantages of 
using Li
+
 or Na
+
 compared to the use of K
+
 or Gdm
+
 as counterion with regard to preventing 
particle aggregation and peak distortion via the stabilizing effect due to higher | | and higher  
|  |. In addition, there is a positive impact of the higher ionic drag coefficients on the size-
selectivity of the method.  
For PSSLs, results show acceptable values for the width produced from using the developed 
method within expected experimental errors. High electrophoretic mobility values and 
corresponding calibration functions result in very large errors with considerable uncertainty if 
ζ > 60. However, for CoOOH-NPs the value calculated from the moment analysis for the 
dispersion is excessively large, which might be due to adsorption effects that influence the 
estimation of ζ and the corresponding calibration functions. In addition, because of the small 
mean domain size of the CoOOH-NPs and the use of a low ionic strength electrolyte there is a 
very small value for a ( 1a ). Hence, for CoOOH-NPs the results obtained show the 
limitations of the investigated approach in the case of this very low reduced radius. 
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Zusammenfassung 
Im Rahmen dieser Arbeit wurden drei verschiedene NP-Typen mit unterschiedlichen Größen 
verwendet, nämlich Ludox-Silica-Nanopartikel (SNP), Polystyrol-Sulfat-Latex-Nanopartikel 
(PSSL) und Cobaltoxyhydroxid-Nanopartikel (CoOOH-NPs). SNPs mit drei verschiedenen 
Größenverteilungen haben die nominalen Teilchendurchmesser 7, 12 und 22 nm. PSSL mit 
vier verschiedenen Größenverteilungen haben die mittleren Teilchendurchmesser 21, 41, 63 
und 80 nm. CoOOH-NPs haben eine mittlere Domänengröße von 3,7-4,5 nm. Während SNPs 
und PSSLs in einem alkalischen Dispersionsmedium negativ geladen sind, wurden COOH-
NPs im sauren Medium mit einer positiv geladenen Oberfläche dispergiert.  
Diese Arbeit konzentriert sich auf die Berücksichtigung des Einflusses der Variation des 
Gegenionentyps und dessen Konzentration zur Bestimmung der Partikelgrößenverteilung 
(PSD) von geladenen Nanopartikeln unter Verwendung der Kapillarelektrophorese (CE). CE 
ermöglicht eine geeignete Methode zur Messung der Größenverteilung von NPs durch 
Umwandlung von Elektropherogrammen in eine PSD. Dieser Ansatz basiert auf einer 
genauen Bestimmung des elektrokinetischen Potential ζ durch Messung der 
elektrophoretischen Mobilität µep in einem Elektrolyten bekannter Zusammensetzung in 
Kombination mit einer zweiten unabhängigen Methode zur Bestimmung des mittleren 
Teilchenradius wie TEM oder Taylor-Dispersionsanalyse (TDA). 
TDA-Messungen wurden zur Bestimmung des mittleren kollektiven Diffusionskoeffizienten 
und des mittleren hydrodynamischen Radius über die Stokes-Einstein-Gleichung verwendet. 
In späteren Rechnungen wurden diese Werte bei der Berechnung der Kalibrierfunktionen 
verwendet, um PSD für die in der Arbeit verwendeten NPs zu erhalten. Darüberhinaus wurden 
Voruntersuchungen und UV-Vis-Spektroskopiemessungen für CoOOH-NPs in wässriger 
Lösung einer monoprotischen Säure mit unterschiedlichen Anionen als Gegenion 
durchgeführt. Die erhaltenen Ergebnisse zeigen, dass die kontinuierliche Abnahme der 
Farbintensität und der Extinktion am Bandenmaximum für die CoOOH-NP-Dispersionen 
unabhängig von der Art des Anions ist.  
Für elektrophoretische Mobilitätsmessungen wurden zwei Chargen von SNPs mit den 
Gegenionen Li
+
, Na
+
, K
+
 und Guanidinium (Gdm
+
) bei einer variierten Ionenstärke von 20 bis 
120 mmol L
-1 
bei 25°C verwendet. Für PSSLs mit unterschiedlichen Größen wurden 
elektrophoretische Mobilitätsmessungen mit Na
+
 als Gegenion im Bereich der Ionenstärke 10-
50 mmol L
-1
 durchgeführt, während Messungen mit Li
+
, Na
+
 und Gdm
+
 als Gegenionen im 
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Ionenstärkenbereich 40-120 mmol L
-1
 bei 20 
o
C durchgeführt wurden. Im Fall von CoOOH-
NPs wurden die elektrophoretischen Beweglichkeitsmessungen in saurer Lösung mit einem 
pH-Wert von 2 bei 25 ° C unter Verwendung verschiedener Methoden zur Beschichtung der 
inneren Kapillarwand durchgeführt, da diese NPs eine positive Ladung auf ihrer Oberfläche 
aufweisen. Untersucht wurde auch der Einfluss von Parametern wie Injektionsparametern, 
angelegter elektrischer Feldstärke und Konzentration von CoOOH-NPs in der Probe. In allen 
Untersuchungen sind die elektrophoretischen Mobilitäten der NPs von der Art des 
verwendeten Gegenions abhängig. Diese Abhängigkeit ist auf Hofmeister-Effekte (auch als 
spezifische Ioneneffekte bezeichnet) zurückzuführen. 
Um das elektrokinetische Potential ζ für alle NP-Arten zu bestimmen, wurde die von Pyell et 
al. vorgeschlagene Methode, die auf einer von Ohshima eingeführten analytischen Näherung 
basiert, verwendet. Zur Bestimmung des ζ-Potentials aus der erhaltenen der 
elektrophoretischen Mobilität wird bei der vorgeschlagenen Vorgehensweise die 
Grenzäquivalentleitfähigkeit des Gegenions oder dessen Ionenwiderstandskoeffizient 
berücksichtgt unter Vernachlässigung der Grenzäquivalentleitfähigkeit oder des 
Ionenwiderstandskoeffizienten des Co-ions. Ergebnisse für |ζ | folgen der Reihenfolge Li+ > 
Na
+
 > K
+
 > Gdm
+
 für SNPs und der Reihenfolge Li
+
 > Na
+
 > Gdm
+
 für PSSLs, wobei es für 
CoOOH-NPs eine Reduzierung in ζ  in der Reihenfolge NO3
¯
 > Cl
¯
 > CH3SO3
¯
 gibt. Diese 
Abhängigkeit des Werts für |ζ | von der Art des Gegenions zeigt sich auch in den berechneten 
Werten für die elektrokinetische Ladungsdichte |  |. 
Schließlich wurden durch die von Pyell und Pyell et al. entwickelte Methode 
Größenverteilungen von NPs erhalten. Hier werden Elektropherogramme direkt in 
Größenverteilungsfunktionen umgewandelt. Die Ergebnisse der Verwendung der entwickelten 
Methode für SNPs sind zuverlässig unabhängig von der Art des Gegenions. Es gibt eine gute 
Übereinstimmung mit den Ergebnissen der TEM-Analyse für die Dispersion (Breite), 
wodurch indirekt die Gültigkeit des theoretischen Ansatzes für die Berechnung von ζ aus 
elektrokinetischen Daten und der mittleren Partikelgröße bestätigt wird. Es gibt Vorteile bei 
Verwendung von Li
+
- oder Na
+
-Ionen verglichen mit der Verwendung von K
+
 oder Gdm
+
 als 
Gegenion in Bezug auf die Verhinderung von Partikelaggregation und Peakverzerrung infolge 
des stabilisierenden Effekts aufgrund höheren | | und höheren |  |. Zusätzlich genutzt wurde 
der positive Einfluss des höheren Ionenwiderstandskoeffizienten auf die Größenselektivität 
der Methode. 
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Für PSSLs zeigen die Ergebnisse der entwickelten Methode akzeptable Werte für die 
Dispersion der Verteilung mit Abweichungen innerhalb der erwarteten Messunsicherheit. 
Hohe elektrophoretische Mobilitätswerte und entsprechende Kalibrierungsfunktionen führen 
bei ζ  > 60 zu sehr großen Fehlern mit erheblicher Unsicherheit. Dagegen ist der aus der 
Momentenanalyse für die Dispersion berechnete Wert für CoOOH-NP übermäßig groß, was 
auf Adsorptionseffekte zurückgeführt werden kann. Diese beeinflussen die Bestimmung von ζ 
und die entsprechenden Kalibrierfunktionen. Zusätzlich ergab sich infolge der kleinen mittlere 
Domänengröße von CoOOH-NPs und der Verwendung eines Elektrolyten mit niedriger 
Ionenstärke ein sehr kleiner Wert für a ( 1a ). Die erhaltenen Ergebnisse zeigen somit 
die Grenzen der entwickelten Methode im Falle eines sehr niedrigen reduzierten Radius. 
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List of abbreviations and symbols 
Abbreviations 
AFM Atomic force microscopy 
APS Ammonium persulfate 
BGE Background electrolyte 
ccc Critical coagulation concentration 
CE Capillary electrophoresis 
CoOOH-NPs Cobalt oxyhydroxide nanoparticles 
CTAB cetyltrimethylammonium bromide 
DADMAC Diallyldimethylammonium chloride 
DDAB Didodecyldimethylammonium bromide 
DLS Dynamic light scattering 
EDL Electrical double layer 
EOF Electroosmotic flow 
FTIR Fourier-transform infrared spectroscopy 
GCAS Gram-Charlier Type A series 
I.D Inner diameter 
IHP Inner Helmholtz plane 
MSA Methanesulfonic acid 
NPs Nanoparticles 
O.D Outer diameter 
OA Oriented attachment 
OHP Outer Helmholtz plane 
OR Ostwald ripening 
PBE Poisson–Boltzmann equation 
PDADMAC Poly(diallyldimethylammonium chloride) 
PS Particle size 
PSD Particle size distribution 
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PSS poly(sodium 4-styrenesulfonate) 
PSSL Polystyrene sulfate latex nanoparticles 
PSSL20 Sulfate latex-0.02 µm with mean particle diameter 21 nm 
PSSL40 Sulfate latex-0.04 µm with mean particle diameter 41 nm 
PSSL60 Sulfate latex-0.06 µm with mean particle diameter 63 nm 
PSSL80 Sulfate latex-0.08 µm with mean particle diameter 80 nm 
RSD Relative standard deviation 
SAXS Small-angle X-ray scattering 
SEC Size exclusion chromatography 
SEM Scanning electron microscopy 
SMIL Successive multiple ionic-polymer layer 
SNP12 Ludox HS-30 with a nominal particle diameter of 12 nm 
SNP22 Ludox TM-40 with a nominal particle diameter of 22 nm 
SNP7 Ludox SM-30 with a nominal particle diameter of 7 nm 
SNPs Ludox silica nanoparticles 
TDA Taylor dispersion analysis 
TEM Transmission electron microscopy 
TEMED N,N,N,N-tetramethylethylenediamine 
TEOS Tetraethyl orthosilicate 
UV-Vis Ultra-Violet and Visible Light Spectroscopy 
VSFS Vibrational sum frequency spectroscopy 
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Symbols 
D  Eectrical double layer thickness 
  Charge density at the shear plane (Electrokinetic surface charge density) 
  Limiting equivalent conductance of cation 
  Limiting equivalent conductance of anion 
v
 
Velocity 
EOFv  Mean EOF velocity 
v   Mean linear velocity 
3  Standardized third central moment 
4  Standardized forth central moment 
ep  Electrophoretic mobility 
a  Sphere radius 
A  Area 
( )tA  Absorbance 
B   Jones–Dole Viscosity B coefficient 
B  Constant 
0D  Self-diffusion coefficient at infinite dilution 
cD  Collective diffusion coefficient 
d  Double layer distance 
maxd  Diameter at the maximum 
pd  Particle diameter 
E  Electric field strength 
e  Elementary charge 
1F  Electric force 
2F  Viscous force 
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I  Ionic strength 
k  Boltzmann constant 
K  Dispersion coefficient 
k  Reaction rate constant 
1k  
Reaction rate constant  for first step 
2k  Reaction rate constant for second step 
DL  Length of capillary to the detector 
TL  Total length of capillary 
0E  
Absorbance at time 0 
 tE  Absorbance at time t 
m  Dimensionless ionic drag coefficient 
m  Dimensionless ionic drag coefficient of anion 
m  Dimensionless ionic drag coefficient of cation 
0m  Zeroth moment 
counterm  Dimensionless ionic drag coefficient of counterion 
n  
thn  central moment 
n  
thn  absolute moment 
nm  
thn  moment 
n  Number density 
in  Concentration of the ion i 
( )xp  Probability density 
eP  Peclet number 
pKa  Ionization constant 
Q  Charge of particle 
HR  Hydrodynamic radius 
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,H Nr  Number-weighted mean hydrodynamic radius 
T  Absolute temperature 
1/2t  Half-life of the reaction 
t
 
time 
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migt  Migration time of particle 
U  Voltage 
epv  Velocity of particle 
0y  Offset 
z
 
charge number 
iz  Valence of the ion i 
0  Permittivity of vacuum 
r  Relative permittivity of the medium 
  Viscosity of the solution 
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1   Debye length (thickness of the diffusive layer) 
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1  First moment 
( )x  charge density at any point in the solution 
0  Surface charge density 
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2  Second central moment = second moment (µ2) 
2
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  Residence time 
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0  Electric potential at the surface 
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ζ  Zeta potential 
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Introduction and Remit 
Nanoparticles (NPs) can be classified into different classes based on their properties, shapes 
or sizes. According to their size, nanoparticles can be classified as ultradispersion systems (1–
50 nm), high dispersion systems (50–100 nm) or sedimentable particles (100–1000 nm) [1]. In 
effect, they are a bridge between bulk materials and atomic or molecular structures. A bulk 
material should have constant physical properties regardless of its size, but at the nanoscale 
often properties observed are size dependent. The percentage of the surface in relation to the 
percentage of the volume of a material becomes significant when the properties of materials 
change as their size approaches the nanoscale 
[1]
. 
The terms colloid and nanoparticle are not interchangeable. Colloids can contain particles too 
large to be nanoparticles, and nanoparticles can exist in non-colloidal form, for examples as a 
powder or in a solid matrix 
[2]
. NPs are surrounded by interfacial layer. Fundamentally, this 
interfacial layer is affecting all of NPs properties because its an integral part of nanoscale 
matter. 
The characteristics of NPs depend on their size and size distribution. Therefore, the particle 
size (PS) and particle size distribution (PSD) are of great importance. Therefore, many 
different methods have been developed for NPs characterization 
[3]
. Also, knowledge of PS 
and PSD is required to optimize nanoparticle synthesis procedures especially if size selection 
processes are to be avoided 
[4]
.  
Different measurement techniques often produce different values for the number-weighted 
mean radius and for the dispersion. For example, the National Institute of Standards and 
Technology (NIST) stated that different measurement techniques produced different values 
for the same particles 
[5]
. Three spherical gold nanoparticle samples provided by NIST as 
reference standards materials which nominally display radii of 5, 15, and 30 nm, respectively. 
Reported particle sizes are based on measurements using atomic force microscopy (AFM), 
scanning electron microscopy (SEM), transmission electron microscopy (TEM), dynamic 
light scattering (DLS) and small-angle X-ray scattering (SAXS). It was found that the smaller 
the particles the larger are the differences of the values from different techniques 
[5]
. 
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On this background, this study aims to show that capillary electrophoresis is a powerful 
separation technique (CE) also in the field of nanoparticle research. In combination with 
Taylor dispersion analysis (TDA) it can be regarded as a promising alternative to the 
traditionally used method TEM for determining the size of nanoparticles (NPs) through 
converting an electropherogram into the particle size distribution (PSD). In addition, the 
method allows for the precise determination of mean electrophoretic mobilities, 
electrophoretic mobility distributions, and zeta potentials in a matrix of exactly known 
composition and the calibration-free determination of number-weighted mean hydrodynamic 
radii. 
The present work intends to investigate, whether the developed concept is applicable to 
different types of nanoparticles varying in size and surface chemistry. With the aim to make 
the method also applicable to nanoparticles with positive surface charge density, one part of 
this work is directed towards the development of different capillary coating method, which 
will be evaluated in subsequent TDA and CE studies. Particular attention will be given to the 
influence of the counterion on electrokinetic potential, electrokinetic surface charge density, 
and relaxation effect-based size selectivity. 
  
  
 
Chapter Two 
Theoretical Background 
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Theoretical Background 
2.1 Electrokinetic Effects – The Electrical Double Layer  
2.1.1 Electroosmosis  
Electroosmotic flow (EOF) or electroosmosis is one of the electrokinetic effects and a 
phenomenon in many electrophoretic separation processes. It can be described as the motion 
of liquid relative to the wall due to the effect of the electric field on the liquid layer enriched 
in counterions adjacent to a fixed charged surface (capillary wall). The magnitude and the 
direction of the resulting electroosmotic flow depend on the chemical composition and 
structure of the surface of the capillary wall and the chemical composition of the solution 
within the tube. Because the surface of the wall of a fused-silica capillary is negatively 
charged (at most pH conditions), there is a build-up of a layer adjacent to the capillary wall 
enriched in positive counterions while the negative ions (co-ions) are repelled from this layer 
(electrical double layer (EDL)). When an electric field is applied, this layer of positive charge 
is accelerated toward the negative electrode, resulting in the bulk flow of liquid toward that 
electrode. The movement of EDL is transferred to the bulk of the liquid through viscous effect 
to generate EOF. After reaching steady state conditions, the mean velocity of the EOF is 
proportional to the applied electric field strength in the following equation: 
    EOF EOFv E     (1) 
where EOFv  is the mean EOF velocity, EOF is the electroosmotic mobility, and E is the 
electric field strength. 
The electroosmotic mobility depends on the zeta potential, the permittivity of the medium and 
the viscosity of the solution as following: 
0  rEOF
  


     (2) 
where 0 is the permittivity of vacuum, r is the relative permittivity of the medium, ζ is the 
zeta potential and  is the viscosity of the solution. This equation is only valid, when the 
thickness of the double layer is much smaller than the diameter of the capillary. 
Experimentally, the electroosmotic mobility can be measured using the following equation: 
 
    
 
EOF D T
EOF
EOF
v L L
E U t
     (3) 
where DL = length of capillary to the detector, TL = total length of capillary, U = voltage, 
EOFt = migration time of a suitable marker of the EOF velocity. 
 
15 
 
2.1.2 Models of the electrical double layer 
The first step in understanding the generation of the EOF is to describe quantitatively the 
distribution of the surface charge density 0 and the volume charge density  due to the 
excess of counterions in the layer of solution near the capillary wall. As already mentioned 
above, this counterion rich region is called the electrical double layer (EDL). The term EDL 
was first put forward in 1879 by Helmholtz.  
Although there are several theoretical models that describe the structure of the electric double 
layer, there is no general model that can be used in all experimental situations. However, the 
most commonly used ones are the Helmholtz model, the Gouy-Chapman model, and the Stern 
model which are represented in Figure 1. The Helmholtz model assumes the presence of a 
compact layer of ions in contact with the charged solid surface. The model of Gouy and 
Chapman involves a diffuse double layer, in which the accumulated ions, due to the thermal 
energy in accordance with the Boltzmann distribution, extend to some distance from the solid 
surface. In addition, in the Stern model it is suggested that the solid-liquid interface includes 
both a rigid (Helmholtz) and a diffuse layer (Gouy-Chapman layer). 
 
Figure 1: Schematic representation of the (a) Helmholtz model, (b) Gouy-Chapman model, and (c) Stern model 
for the electrical double layer at a positively charged surface. IHP: the inner Helmholtz plane, OHP: 
outer Helmholtz plane, d : the double layer distance, 0 : the potentials at the surface, and  : the 
electrode/electrolyte interface (taken from ref. 
[6]
). 
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In the Stern model, there is a thin region between the surface (having the surface potential 0 ) 
and the diffuse layer. This layer of bound or tightly associated solvent molecules and 
counterions is generally referred to as the Stern layer. The Stern layer can be subdivided into 
two regions: the inner layer and the outer layer. The inner layer, the outer surface of which is 
referred to as the inner Helmholtz plane (IHP), that is located at the center of ions which are 
not hydrated and are specifically adsorbed to the surface. The outer layer passes through the 
center of hydrated ions; the interface between this and the diffuse layer is referred to as the 
outer Helmholtz plane (OHP). IHP can contain both co- and counter ions, whilst the OHP 
contains exclusively solvent molecules and counterions. In this region, it is assumed that there 
is no charge between the surface and the IHP and between the IHP and the OHP. Therefore, in 
this region the electrostatic potential decreases linearly. Schematic of the electrical double 
layer is represented in Figure 2 as a model of the silica surface immersed in an aqueous 
electrolyte. 
 
Figure 2: Model of the electrical double layer of a silica surface immersed in an aqueous electrolyte from 
[7]
): 
(a) Graphical representation of the liquid layer near the silica surface including bound hydrated 
counterions and diffusing hydrated ions (co-ions and counterions). 
(b) Sketch of involved distances and potentials. 
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Several processes can be responsible for the acquisition of a surface net charge 
[8]
: e.g. the 
dissociation of chemical groups on the surface of the solid or the adsorption of ions or 
molecules from the solution onto the surface. This charge creates an electrostatic surface 
potential 0 . When the surface is immersed in an electrolyte, the electrostatic force attracts 
ions of opposite charge (counterions) from the solution and repels ions with like charge (co-
ions). The region of liquid near to the surface has a higher volume density of counterions and 
a lower volume density of co-ions than the bulk liquid. The surface charge is balanced by an 
equal amount of excess charge (of opposite sign) within the double layer. The net result is that 
the countercharge from the solution effectively screens the surface charge so that on the 
global scale (within the bulk medium), the overall charge is zero. 
According to the theory of electrostatics, the Poisson equation describes the relationship 
between the electrostatic potential 
( )x and the charge density ( )x at any point in the solution: 
( )2
( )
0
  
x
x
r


 
    (4) 
The change in concentration of the counterions near a charged surface obeys the Boltzmann 
distribution: 
  exp ii i
z e
n n
kT
    
 
 (5) 
where in and iz are the number concentration or number density and the valence of the ion i , 
respectively, e is the elementary charge, k is the Boltzmann constant and T is the absolute 
temperature. The volume charge density ( )x at position x is thus given by: 
( )     expx i i i i
i i
ze
z en z en
kT

 
 
   
 
   (6) 
Combining Eq. (4) and Eq. (6) leads to the well-known Poisson–Boltzmann equation (PBE), 
which describes the distribution of the electrostatic potential in solution near a charged 
surface: 
( )2
( )
0
1
  exp
x
x i i
ir
ze
z en
kT


 
      
 
  (7) 
The employ of PBE postulates that 
[9]
: 
(i) Electrolyte ions are point charges. 
(ii) Ion-ion corelation may be neglected. 
(iii) Solvent is a structureless dielectric continuum having a uniform dielectric permittivity r . 
(iv) Charges on the particle surface are smeared out to give a uniform surface charge density
0 . 
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Generally, PBE is commonly solved numerically with certain geometries. For the planar 
limiting case, it can be solved analytically. If the electrostatic energy is small compared to the 
thermal energy of the ions, i.e. ( / 1ze kT ), Eq. (7) reduces to the linearized PBE, which 
is called the Debye–Hückel approximation: 
2 2       (8) 
with the Debye–Hückel parameter  is expressed as: 
2 2
0
  
A i i
r
e N z c
kT

 


 (9) 
Moreover, the Debye length ( 1  ) is the reciprocal of the Debye–Hückel parameter. It is a 
measure of the thickness of the diffuse electrical double layer (Chapter 4). 
 
2.1.3 Electrophoretic mobility 
The electrophoretic mobility ep of a spherical particle (with sphere radius a ) moving with a 
velocity epv in an electrolyte solution in a homogeneous electric field with the field strength 
E is given by the ratio /epv E . The most widely used equation relating the electrophoretic 
mobility ep of a colloidal particle to its zeta potential ζ is the Smoluchowski equation             
( 1a ): 
o r
ep
  


   (10) 
which corresponds to Equation 2 with reversed sign. The Smoluchowski equation is readily 
derived on the basis of some approximations from the condition of balance between electric 
and viscous forces acting on the particle. This formula is only applicable when a is 
sufficiently large (where  is the Debye-Hückel parameter and a is the sphere radius, which 
can be approximated by the solid particle radius plus the thickness of bound layer). 
The electrokinetic potential or zeta potential ζ is defined to be the electrostatic potential at the 
slipping or shear plane, which is identical to the electrostatic potential at the surface of the 
model sphere. The electrostatic potential decreases continuously and monotonically across the 
diffuse layer. It finally converges to the electrostatic potential of the bulk medium. 
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If the particle is small relative to the size of the double layer ( 1a ), the Hückel equation 
(cf. Eq. 15) is applicable. In accordance with the electric force on the particle 1F ( 1F QE ; 
where Q is the particle charge) and the viscous force 2F ( 2 6F av  (Stokes law); where v
is the velocity), these two forces must be balanced under stationary conditions: 
  6QE av           and            
6
QE
v
a
  (11) 
In order to normalize on the parameter E following definition is valid: 
  ep
v
E
     (12) 
Substituting the velocity (Eq. 11) into Eq. (12) yields to: 
1
  
6
ep
Q
a


  (13) 
If it is now assumed that ζ is given by the Coulomb potential of the model sphere, ζ can be 
obtained as follows: 
0
  
4 r
Q
a

 
  (14) 
After rearrangement and placing Q into Eq. (13), it results what is known as the Hückel 
equation, which is applicable for the limiting case where the particle radius a is much smaller 
than the thickness of the double layer: 
0 04 2    
6 3
r r
ep
     

 
   (15) 
The Smoluchowski equation (Eq. 10) and the Hückel equation (Eq. 15) differ by a factor of 
2/3. As is seen in Figure 3 for 1a , most electrolyte ions in the double layer experience an 
undistorted original field. For 1a , on the other hand, most electrolyte ions in the double 
layer experience a distorted field. 
 
Normal density of electric flux lines 
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Figure 3: Electric field in the region near the particle surface. Electrolyte ions experience a stronger electric field 
for 1a  (Condition b) than for 1a  (Condition a) (taken from ref. [9]) 
Experimentally, the electrophoretic mobility ep can be calculated from recorded 
electropherograms according to: 
  
    
  
D T D T
ep
mig EOF
L L L L
U t U t
      (16) 
where 
migt = migration time of zone investigated. The first term on the right side of Eq. (16) 
represents the observed mobility, which is the observed velocity normalized on the electric 
field strength. The second term on the right side of this equation represents the electroosmotic 
mobility. 
 
2.1.4 The zeta potential 
Theoretical treatments generally assume that the solid immersed in a liquid is either a sphere, 
a cylinder, or a large flat plate. The plane of shear (or shear plane or slipping plane) is an 
imaginary plane that is considered to lie close to the solid. In the case of a particle undergoing 
electrophoresis, the plane of shear forms a sheath which envelopes the particle. The analysis 
of the forces exerted on each liquid element (forces induced by pressure gradients in the 
system and by the electrical charges it contains, as well as shear forces induced by 
neighboring parcels of liquid moving with different velocities) can be carried out in terms of 
either charge or electrostatic potential. In the latter case, one calculates the average potential 
in the plane of shear, the electrokinetic or zeta potential ζ, which plays a central role for the 
stability of charged colloidal dispersions. In the absence of strongly adsorbed species, the ζ 
potential has the same sign as the surface potential, but the absolute value of the ζ potential is 
lower, especially at higher ionic strength. 
Increased density of electric 
flux lines 
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Henry 
[10]
 derived following equation for spheres of radius a , which is applicable for low ζ 
and has no restrictions regarding a : 
02  ( )
3
r
ep f a
  
 

   (17) 
where ( )f a is called Henry‟s function. Equation (17) bridges between Smoluchowski's 
equation and Hückel's equation. If ( )f a = 1, Equation (17) becomes Smoluchowski‟s 
equation ( a ), while it becomes Hückel‟s equation when ( )f a = 2/3 ( 0a  ). 
Henry‟s function ( )f a can be calculated with a maximum relative error of less than 1% with 
following approximation 
[11]
: 
 
3
1
( )  1  
2.5
2 1
1 2 a
f a
a e 

 
 
 
 
 
 
 (18) 
where  = Debye–Hückel parameter = reciprocal thickness of the diffuse layer. Calculating ζ 
via the Henry equation requires knowledge of the sphere radius a and the ionic strength I . 
The sphere radius a can be approximated by the number-weighted mean hydrodynamic radius 
,H Nr of the investigated nanoparticle population, while the Debye–Hückel parameter  is 
calculated from the ionic strength I (cf. Eq. 9). 
As the particle moves through the electrolyte, the ions in the double layer will tend to lag 
behind. The charge density will be less than its equilibrium value in front of the particle, while 
behind the particle it will be larger. This behavior is called the “relaxation effect” [12]. If ζ > 25 
mV, the relaxation effect exerts a noticeable influence on the electrophoretic mobility of 
nanoparticles 
[13]
. Neglecting the relaxation effect will result in an intolerable error in ζ. 
Wiersema et al. 
[14]
 were the first to solve numerically the differential equations. Their 
calculations were based on the dimensionless ionic drag coefficient m (which is a function of 
the limiting equivalent conductance) of the co-ion and the counterion. The algorithm 
developed by Wiersema et al. failed to converge for ζ potentials larger than 150 mV for a 1:1 
electrolyte 
[15]
. This problem was solved later by O‟Brien and White [16]. For fixed a , they 
showed that the electrophoretic mobility plotted against ζ goes through a maximum if a > 3. 
This maximum is very flat so that mobility measurements in this region cannot be expected to 
yield accurate values for ζ. In many cases, it is possible to avoid the unfavorable maximum 
region by increasing the ionic strength of the separation electrolyte, so that ζ can be decreased 
to values lower than 100 mV. 
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Several approximate analytic expressions have been developed to avoid numerical 
calculations 
[13,17]
. The semi-empirical formula developed in 1983 by Ohshima et al. 
[18]
 is 
applicable for 10a  with a relative error less than 1%. Later, Ohshima [19,20] presented an 
approximate analytic expression which has no restrictions regarding a : 
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




   (19) 
where k = Boltzmann constant; T = absolute temperature; m and m = the dimensionless 
ionic drag coefficients;  ,  = the limiting equivalent conductance of the cation and the 
anion, respectively. 
For nanoparticles (NPs), this approximation is only valid if ζ ≤ 100 mV. This approximation 
does not distinguish between the stronger influence of the counterion mobility and the lower 
influence of the co-ion mobility. Therefore, Pyell et al. 
[21]
 proposed a new approximation that 
is based on a simplification of Oshima‟s model [19], extending the applicability of the 
approximation to the use of any buffered electrolyte (containing one type of strong electrolyte 
counter-ions). 
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where counterm = dimensionless ionic drag coefficient of the counterion (which has to be a 
strong electrolyte ion). Equations (17), (19) and (20) are only valid for very diluted 
nanoparticle dispersions (interparticle interactions are not taken into account).  
 
 
23 
 
2.1.5 The surface charge density 
The surface charge density 0 is defined as the electric charge Q that is present on a surface of 
given area A : 
0   
Q
A
         (21) 
The surface potential 0 is the electric potential at the surface. The potential ζ is the electric 
potential at the shear plane. Consequently, it is a function of the charge density  at the shear 
plane and the integral capacity GCLC of the outer double layer, which is accessible from 
solving the PBE. The charge density  at the shear plane is also called effective or 
electrokinetic charge density and can be deduced from electrokinetic data. It is much lower (in 
absolute value) than the surface charge density 0
[22,23]
. The ζ potential gives access to  (if 
the charge density distribution within the diffusive layer is known). In the planar limiting 
case, the non-linearized Poisson-Boltzmann equation can be analytically solved (Gouy-
Chapman equation): 
0
0
2
sinh 8 sinh
2 2
r
r
kT ze ze
n kT
ze kT kT

    
  
   
    
   
 (22) 
where z = charge number, n = number density.  
In the spherical case (curvature effects), the non-linearized Poisson-Boltzmann equation 
cannot be solved analytically. However, for a 1:1 electrolyte Loeb et al. derived an empirical 
formula for the relationship between   and ζ (based on a numerical solution) 
[9]
. 
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  (23) 
According to the mathematical basis quoted by Loeb, Ohshima et al. 
[24]
 obtained a more 
exact analytic approximation relating the electrokinetic surface charge density  to the zeta 
potential ζ. They showed that their expression results in an excellent approximation of the 
exact numerical values obtained by Loeb, Overbeek, and Wiersema over a wide range of a
values, with a maximum relative error of 4% at a = 0.1 and less than 1% for a ≥ 1. 
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24 
 
2.1.6 Specific ion effect 
The influence of aqueous electrolytes on various physicochemical and biological phenomena 
has been widely studied since the 19
th
 century. Hofmeister showed that different salts increase 
or decrease the solubility of proteins in aqueous media depending on the type of salt and its 
concentration 
[25⎻30]. This effect is now known as the Hofmeister effect or specific ion effect 
which is a classification of ions in order of their ability to salt-out or salt-in proteins. More 
generally, the specific ion effect relates to the stability of colloidal solutions 
[25⎻30]. 
Accordingly, (by measuring the critical coagulation concentration, ccc) the “effectiveness” of 
different anions (with a fixed cation), or cations (with a fixed anion), can be ordered 
reproducibly in the so-called Hofmeister series (Figure 4). In colloidal science, there are a 
growing number of experiments showing that ions with the same valence can induce very 
different behaviours. Aqueous ion-containing interfaces are found everywhere and play a key 
role in physical, chemical, atmospheric, and biological processes 
[30]
.  
For negatively charged colloids such as silica NPs or polystyrene sulfate latex NPs, the 
influence of the alkali cation on the surface charge density is often interpreted in terms of 
specific ion adsorption or on site binding, or on the basis of the size of the solvated ions 
[31,32]
. 
 
 
 
Figure 4: The Hofmeister series 
Many investigators found that ζ and  are not only dependent on a , counterm , 0  and T  but 
are also dependent on the type of counterion 
[33,34]
. Tadros and Lyklema 
[33]
 determined the 
specific surface area of porous silica particles with diameter between 50-100 nm by two 
independent methods of the aqueous chloride solutions of the alkali cations (Li
+
, Na
+
, K
+
 and 
Cs
+
) of various ionic strengths at 20
 o
C. In their work, they made an investigation on the 
influence of the type of cation on the surface charge density of porous silica for 0.1 M 
chloride solutions.  
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Another systematic investigation dependent on the type of counterion was made by Sonnefeld 
et al. 
[34]
. The surface charge density on AEROSIL 300 was determined in aqueous solutions 
of different alkali cation (Li
+
, Na
+
, K
+
, Rb
+
 and Cs
+
) chloride solutions from 0.005 M to 0.3 M 
in the pH range between 4 and 8 by potentiometric titration at 25 
o
C.  Their results showed 
that the alkali sequence for the spherical particles is in agreement with data for porous silica 
[33]
. With respect to nonhydrated radii, the larger counterions show a greater tendency towards 
surface binding (adsorption); thus, they reduce the critical coagulation concentration (ccc). 
Milonjic 
[35]
 investigated the adsorption of alkali ions (Li
+
, Na
+
, K
+
 and Cs
+
) on silica sol 
particles in a wide concentration and pH range. He found that adsorbed amount of ion on the 
silica surface increases with increasing of both pH of solution and electrolyte concentration in 
the order: Li
+
 < Na
+
 < K
+
 < Cs
+
. Thereby, ccc for these ions increases in the series as follows: 
Cs
+
 < K
+
 < Na
+
 < Li
+
. The same sequence was found by Tadros and Lyklema 
[33]
 on silica 
surface in 0.1 N concentrations of alkali ions at pH > 7. Moreover, the electrophoretic 
mobility measurements generally indicate that the electrophoretic mobilities increase in the 
order: K
+ 
< Na
+
 < Li
+
, while the magnitude of the negative ζ potential increases as: K+ < Na+ 
< Li
+
 
[36⎻39].
37
,
38
].  
On the other hand, ions have been classified as being either kosmotropes (structure makers) or 
chaotropes (structure breakers). This notion was first introduced by Gurney 
[39]
. The degree of 
water structuring is determined mainly by two types of quantities: (i) the increase or decrease 
in viscosity of aqueous solution due to added salt, and (ii) entropy of ion solvation. For 
example, the viscosity  of an aqueous salt solution typically has the following dependence on 
ion concentration 
[40]
: 
1/2
0/   1    Ac Bc       (25) 
where 0 is the viscosity of pure water at the same temperature. A is a an electrostatic 
parameter about equal for all salts; its corresponding term can be explained by Debye–Hückel 
theory as being due to counterion screening at low ion concentrations. The constant B , which 
is an ion specific parameter known as the Jones–Dole Viscosity B coefficient, is the quantity 
that defines the degree of water structuring 
[40]
. B is positive for kosmotropic ions and 
negative for chaotropic ions. One issue in interpreting experiments is how to separate the 
contributions of the anion from the cation. The standard assumption is that K
+
 has the same B
coefficient as Cl
−
 (   
K Cl
B B  ), because K
+
 and Cl
−
 have approximately the same ion 
conductance 
[41]
 and because the value of B for KCl is approximately zero. 
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Water structuring is also reflected in entropies of ion solvation. Ions which are kosmotropic in 
viscosity experiments tend to have a negative hydration component to their solvation entropy, 
implying that they order the nearby water molecules, while chaotropic ions have a positive 
hydration component to their solvation entropy. The experiments show that water is ordered 
by small or multivalent ions and disordered by large monovalent ions. Therefore, water 
ordering has generally been interpreted in terms of ion charge densities 
[42]
.  
The ion effects on water structure can be explained by a competition between ion–water 
interactions, which are dominated by charge density effects, and water– water interactions, 
which are dominated by hydrogen bonding. This explanation was proposed by Collins 
[42]
. He 
explained that anions are stronger than cations at water ordering because of the asymmetry of 
charge in a water molecule: the negative end of water‟s dipole is nearer to the center of the 
water molecule than the positive end. The results of Kalyuzhnyi et al. 
[43]
 indicate that the 
simple solvation model proposed by Collins yields qualitative agreement with their 
experimental and theoretical data for simple monovalent ions. By using Collins‟ model for 
ion-induced structuring and disordering of water, they obtained the potential of mean force 
between ions and water molecules from which they calculated the activation energy for 
transferring a water molecule from near the ion to the bulk. On the basis of water reorientation 
dynamics, Bakker and co-workers reported that ion−water interactions only extend beyond the 
first solvation shell in solutions where both ion and counterion are strongly hydrated 
[44,45]
.  
The guanidinium ion is a weakly hydrated ion, so it was classified as the strongest 
denaturanting ion. Mason et al. 
[46]
 applied the first-order difference method of neutron 
diffraction and isotopic substitution to determine the hydration structure of the guanidinium 
ion. They noted that the guanidinium ion is planar and contains a carbon atom, surrounded by 
three nitrogens in a trigonal form. They showed that the guanidinium ion is only weakly 
interacting with water. Therefore, guanidinium has no recognizable hydration shell and is one 
of the most weakly hydrated cations yet characterized. Vanderkooi and co-workers 
[47]
 
presented temperature-dependent FTIR spectra of the OH stretching vibration of the water 
present in several different concentrations of aqueous guanidinium chloride solutions.  
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2.2 Taylor Dispersion Analysis 
Taylor dispersion analysis (TDA) is a simple and absolute method that allows the 
determination of the collective diffusion coefficient of entities of virtually any size from 
molecules with a diameter of several Ångström to particles with a diameter in the 
submicrometer range. TDA, based on the work of Taylor 
[48,49]
 and Aris 
[50]
, relies on the 
analysis of the zone broadening of a solute plug in a laminar Poiseuille flow. Taylor 
demonstrated that the diffusion coefficient of the solute governs the longitudinal spread of the 
zone (see Eq. 26 and Eq. 27). Ideal conditions for TDA are described by two dimensionless 
quantities. (i) The residence time  which is the ratio of the elution time to the time required 
for a solute to diffuse a distance equal to the radius of the capillary. (ii) The Peclet number      
( eP ) which is related to the relative rate of mass transfer along the axis of the capillary due to 
convection and diffusion. The validity range of TDA is fulfilled when  > 1.4 and eP > 70 
[51]
. 
By using a capillary with small inner diameter (i.e. 76 μm in this study), the validity of TDA 
conditions are fulfilled. Profiles can be fitted to the cumulative Gaussian function: 
2
2
( )
2
( )
0
1
  
2
H
t
t tt
t
t
A e dt

 

    (26) 
where 
( )tA = absorbance, Ht = inflection point, t = parameter describing the width of the 
distribution. 
After that, the collective diffusion coefficient cD is determined from Ht and
2
t . The elution 
time is the time it takes the solute moving with the mean velocity to reach the detector located 
at a distance DL from the inlet of the capillary. The variance
2
t  is a measure of the sharpness 
of the frontal injection profiles and is related to the dispersion coefficient K by 2 2t Kt  . 
The constant K is known as the dispersion coefficient and is related to the capillary radius, ca
, the mean linear velocity, v  , and the collective diffusion coefficient cD . 
2 2
  
48
c
c
a v
K
D
 
  (27) 
Aris 
[50]
 extended the theory of Taylor 
[48]
  and found that: 
2 2
0    
48
c
c
a v
K D
D
 
   (28) 
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where 
0D is the self-diffusion coefficient at infinite dilution. If the diffusion coefficient at 
infinite dilution, 
0D , can be approximated by cD , then cD is directly related to the 
hydrodynamic radius HR  via the Stokes-Einstein equation: 
  
6
c
H
kT
D
R
    (29) 
where k = Boltzmann's constant; T = absolute temperature;  = viscosity. 
 
2.3 Gram−Charlier A Series Function 
The Gram-Charlier Type A series (GCAS) is one well-known function to approximate the 
probability density function of a random variable. Usually, the GCAS is represented in terms 
of the Hermite polynomials as follows: 
2
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1  (   ) z x      (30) 
where 
( )xp is the probability density, 0y is the offset, B is a constant, 1 is the first moment, 
2 is the second central moment, 3 is the skewness, the third Hermite polynomial 3H , 4 is 
the excess, and the fourth Hermite polynomial 4H . 
 
2.4 Moment Analysis 
Peak shape can be analyzed by the statistical moments when assuming a recorded eluted peak, 
( )c f t , c = concentration, t = time. Thereby, the moments for any distribution can be 
calculated numerically from the following equations 
[52]
: 
0
   nnm c t dt

                   (
th
nm n  moment) (31) 
0
0
0
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c t dt
m
m
c dt
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
          ( th
n n   absolute moment) (32) 
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1
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c t dt
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


 


          ( th
n n  central moment) (33) 
3
3
2( )
S





                      (standardized third central moment 
3 ) (34) 
4
2
2( )
W





                        (standardized forth central moment 4 ) (35) 
  3E W                       (3 is the kurtosis of a normal distribution) (36) 
Physical significance of the moments: 
i) The zeroth moment ( 0m ). This is simply the area under the peak. 
ii) The first absolute moment ( 1 ). This gives the center of gravity or mean of the peak. 
iii) The second absolute moment ( 2 ). This is the variance (i.e., 
2
2  ) of the peak. 
iv) The standardized third central moment ( 3 ) is a measure of the degree of asymmetry 
of peaks and its direction (skewness). 
v) The standardized fourth central moment ( 4 ) provides information on the excess or 
kurtosis of the elution profile. 
If 0S   and 0E  , then there is no deviation from a Gaussian normal distribution. 
 
2.5 Size distribution of nanoparticles 
The methods commonly used for determining the size of nanoparticles are transmission 
electron microscopy (TEM), size exclusion chromatography (SEC) and dynamic light 
scattering (DLS). TEM and DLS are measuring the particle size in a powder or in a 
suspension without involving a separation process 
[53,54]
. For example, average diameter or 
shape measured by TEM is based on chosen areas of the grid to image and photograph; in 
addition size separation effects that may occur during the drying process. Also, DLS is not a 
suitable method for measuring sizes of particles in samples with a broad PSD 
[55]
. Therefore, it 
needs to use a suitable method to characterize and to measure the size of nanoparticles 
simultaneously with an ability of separation. Capillary electrophoresis (CE) is one of the most 
powerful separation techniques with advantages of short analysis times (fast analysis), low 
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operating costs (little sample consumption) and high separation resolution. McCann et al. 
[56]
 
used continuous particle electrophoresis to convert electropherograms of latex particles into 
PSD rapidly and accurately. They have suggested that in principle the electrophoretic mobility 
can be used to determine the particle size and particle-size distribution of colloidal particles 
and to fractionate the particles according to size, after size-selective separation due to the 
relaxation effect.  
 
2.6 Synthesis of Nanoparticles 
Three different types of nanoparticles were used in this study namely: Ludox silica NPs 
(SNPs) with three different sizes: Ludox TM-40 with a nominal particle diameter of 22 nm 
(SNP22), Ludox HS-30 with a nominal particle diameter of 12 nm (SNP12), and Ludox SM-
30 with a nominal particle diameter of 7 nm (SNP7), purchased from Sigma-Aldrich, 
Germany; polystyrene sulfate latex NPs (PSSL) with four different sizes: Sulfate latex-0.02 
µm with mean particle diameter 21 nm (PSSL20), Sulfate latex-0.04 µm with mean particle 
diameter 41 nm (PSSL40), Sulfate latex-0.06 µm with mean particle diameter 63 nm 
(PSSL60), and Sulfate latex-0.08 µm with mean particle diameter 80 nm (PSSL80), purchased 
from Molecular Probes, USA and cobalt oxyhydroxide NPs (CoOOH-NPs) with mean domain 
size (3.71-4.49 nm) prepared in Department of Chemistry, University of Marburg, Germany. 
These NPs carry on their surfaces negative charge for SNPs and PSSL and a positive charge 
for CoOOH-NPs. 
Silica Ludox nanoparticles (SNPs). The quite simple preparation, chemical inertness, and 
the relatively inexpensive precursors, make SNPs to one of the most important and most 
studied oxide nanoparticle types in academics and in commercial applications. A pioneering 
method for the preparation of spherical and monodisperse silica particles from aqueous 
alcohol solutions of silicon alkoxides in the presence of ammonia as a catalyst was reported 
by Stöber et al. in 1968 
[57]
. The reaction produces silica particles with diameters ranging from 
50 to 2000 nm, depending on conditions. The main advantage of the Stöber method is 
producing spherical silica particles in a suspension with a narrow particle size distribution 
under ambient conditions. The reaction can be represented as follows: 
 
2 5 4 2 2 5 3 2 5( )     ( )   Si OC H H O HO Si OC H C H OH       (37) 
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The products are partially hydrolyzed TEOS and an ethanol molecule. The hydrolysis may go 
to completion depending on the amount of water and catalyst present or stop after partial 
hydrolysis. If the hydrolysis reaction is completely carried out silicic acid is obtained 
[58]
: 
2 5 4 2 4 2 5( )   4   ( )   4Si OC H H O Si OH C H OH    (38) 
In a condensation reaction, two partially hydrolyzed molecules can link together and liberate a 
small molecule, such as water or alcohol: 
3 3 3 3 2( )   ( )   ( ) ( )   OR Si OH HO Si OR OR Si O Si OR H O         (39) 
or 
3 3 3 3( )   ( )   ( ) ( )   OR Si OH HO Si OR OR Si O Si OR ROH        (40) 
R = H or alkyl, then OR is an alkoxy group. 
This type of reaction can continue to build larger and larger molecules by polymerization 
forming nuclei that are typically in the range of 1−5 nm depending on the conditions of 
polymerization 
[59]
. Figure 5 illustrates synthesis of colloidal silica. 
RO Si
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alkoxysilane
hydrolysis
HO Si
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hydrolyzed silane
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 = 
7.0
 - 1
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Figure 5: Schematic general method of colloidal silica synthesis via the hydrolysis and condensation reactions. 
 
Polystyrene sulfate latex nanoparticles (PSSL). Monodispersity, strong adsorption ability, 
uniform particle size made these particles to one of the most studied materials. PSSL can be 
prepared by several methods 
[60]
. As an example, the mechanism of the free radical 
polymerization is represented in Figure 6. 
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Figure 6: The schematic reaction illustration the free radical polymerization steps of styrene. 
 
In the emulsion polymerization process, PSSL can be produced by either using a surfactant or 
without added surfactant („„soap-free‟‟ or emulsifier-free polymerization) [61]. The main 
components for emulsion polymerization are an initiator (water-soluble inorganic salts), a 
monomer (such as styrene), a dispersing medium (usually water) and a surfactant 
[61]
. 
Resulting from surfactant-free emulsion polymerization, the charged groups existing on a 
polystyrene latex surface are sulfate groups arising from the initiator decomposition 
[62]
. The 
information for PSSL used in this study was obtained from the manufacturing company. The 
certificates of analysis for PSSL20, PSSL40, PSSL60, and PSSL80, respectively, are 
presented in Appendix B1. 
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Cobalt oxyhydroxide nanoparticles (CoOOH-NPs). CoOOH is one of the transition metal 
oxides, which have been extensively used as carriers and support for a variety of industrial 
catalysts at high and low temperatures due to their high surface area, chemical and thermal 
stablility, and mesoporous properties. CoOOH can be synthesized by several methods such as 
oxidation of solid Co(OH)2 with O2 or air at elevated temperature, electrochemically anodic 
oxidation of cobalt , and hydrothermal oxidation of Co(OH)2 in alkaline medium under 
elevated pressure 
[63]
.  
Recently, Kudielka et al. 
[64]
 presented three preparative routes using atmospheric oxygen or 
Br2  dissolved in an aqueous solution of NaOH as oxidising agents to produce nanocrystalline 
CoOOH 
[64]
. Their procedures start from forming Co(OH)2 as a precursor to produce CoOOH 
by oxidation. In more details, they prepared CoOOH-NPs from the reaction of cobalt acetate 
with NaOH to form Co(OH)2. With the first method, this oxidized with atmospheric oxygen 
under stirring for 24 h at room temperature and was finally heated up to 100 °C for 90 h.  
With the second method, they obtained CoOOH-NPs from oxidizing Co(OH)2 by the 
disproportionation product of Br2 dissolved in an aqueous solution of NaOH. With the third 
method, they produced CoOOH-NPs by adding Br2 to the aqueous solution of NaOH prior to 
its combination with the solution of cobalt acetate. Those CoOOH-NPs used in this study 
were prepared by them according to the third procedure 
[64]
. In short, the preparation of 
CoOOH-NPs according to the third method can be represented in the following equations: 
2 23   6   3  3  3   6 Br NaOH OBr Br H O Na
        (first step of disproportionation) 
33  2  OBr Br BrO
                                                     (second step of disproportionation) 
2
2 3 36  21    6  12  Co H O BrO CoOOH H O Br
                (oxidation step) 
  
 
Chapter Three 
Experimental Part 
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Experimental Part 
3.1 Instrumentation 
3.1.1 Capillary electrophoresis 
The P/ACE MDQ capillary electrophoresis system (Beckman Instruments, Fullerton, CA, 
USA) equipped with UV-absorbance detector and a liquid-cooled capillary cartridge was used 
for the CE measurements. Temperature control of the capillary at 20.0 or 25.0 oC was 
achieved within the cartridge. The wavelength was set at 200 and 214 nm in the case of the 
silica NPs, to 214 nm for polystyrene sulfate latex NPs and to 254 nm for cobalt 
oxyhydroxide NPs. With the silica NPs and with the cobalt oxyhydroxide NPs, experiments 
were performed in fused-silica capillaries of 39.5 cm total length, 76 μm inner diameter (I.D) 
and 363.5 μm outer diameter (O.D), externally coated with polyimide (Polymicro 
Technologies, Phoenix, AZ, USA). The detection window was formed at 29.2 cm (effective 
capillary length) from the inlet (cathodic or anodic end) of the capillary. With the polystyrene 
sulfate latex NPs, the total length of the capillary was 60.7 cm and the length to the detector 
50.5 cm. New capillaries were conditioned by rinsing them with 0.1 M sodium hydroxide 
solution for 60 min, 60 min with water, and 10 min with separation electrolyte. The capillary 
were rinsed 10 min with separation electrolyte between runs and after varying the buffer 
concentration and/or the buffer composition. Thoiurea was used as a marker to determine the 
electroosmotic mobility. With the cobalt oxyhydroxide NPs, either a covalently coated 
capillary or a capillary coated by dynamic procedures was used. 
Data were recorded with the Beckman 32 Karat software (v.5.0). Further data treatment (e.g., 
fitting of data to a Gram-Charlier series of type A, baseline correction, and moment analysis) 
was done with Origin 8.5G (Northampton, MA, USA). The ζ potential was calculated 
employing a Matlab (MathWorks, Natick, MA, USA) procedure.  
 
3.1.2 Taylor dispersion analysis 
All Taylor dispersion analyses (TDA) were done with the same instrument as that taken for 
the CE measurements. Temperature of the capillary and the sample tray were kept at 20 or 25 
o
C by liquid cooling. Either the total length of the capillary was 60.8 cm and the length to the 
detector 50.4 cm (uncoated capillaries) or the total length of the capillary was 39.5 cm and the 
length to the detector 29.2 cm (covalently coated capillaries and capillaries coated by 
successive multiple ionic-polymer layer (SMIL) procedure, refer to Section 3.3.2.3). 
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3.1.3 UV spectroscopy 
UV-Vis spectroscopic measurements were done with a Lambda 35 UV/Vis Spectrometer 
(Perkin Elmer, Singapore). A quadratic quartz glass cell was used for measurements. Data 
were recorded with the Perkin Elmer UV Winlab (v.6.0). The wavelength was scanned 
between 200 - 700 nm. All measurements were made at room temperature. 
 
3.1.4 Miscellaneous 
The pH-meter type inoLab pH 720 (Wissenschaftlich-Technische Werkstätten (WTW), 
Weilheim, Germany) was used for pH measurements. The conductivity meter model LF 191 
(Wissenschaftlich-Technische Werkstätten (WTW), Weilheim, Germany) was used for 
determination of electric conductivity. 
 
3.2 Colloidal Silica Nanoparticles  
3.2.1 Materials 
Three different silica nanoparticle (SNPs) populations differing in their nominal mean particle 
diameter were supplied by Sigma-Aldrich (Taufkirchen, Germany), namely Ludox TM-40 
with a nominal particle diameter of 22 nm (SNP22), Ludox HS-30 with a nominal particle 
diameter of 12 nm (SNP12), and Ludox SM-30 with a nominal particle diameter of 7 nm 
(SNP7). The concentrations of these particles were 40% (w/w) (pH = 9.0), 30% (w/w) (pH = 
9.8), and 30% (w/w) (pH = 10) of SNP22, SNP12 and SNP7, respectively. Lithium tetraborate 
( 2 4 7Li B O ) (Merck, Darmstadt, Germany), sodium tetraborate decahydrate ( 2 4 7 210Na B O H O ) 
(Merck, Darmstadt, Germany) and potassium tetraborate tetrahydrate ( 2 4 7 24K B O H O ) 
(Acros Organics, Geel, Belgium) were dissolved in water to prepare aqueous buffers of 
known ionic strength. Diguanidinium carbonate (Alfa Aesar, Karlsruhe, Germany) and boric 
acid (Sigma-Aldrich, Steinheim, Germany) were used to prepare aqueous buffers containing 
guanidinium borate (see Section 3.2.3).  
3.2.2 Preparation of the buffers 
Stock solutions of 2 4 7Li B O , 2 4 7 210Na B O H O , or 2 4 7 24K B O H O were prepared by 
dissolving a weighed amount of each type of these materials in deionized water. From these 
stock solutions, the electrophoretic buffers of various salt concentrations (5-60 mmol L
-1
) 
were prepared by diluting the stock solution with deionized water. For guanidinium borate, 
the stock solution was prepared (see the next section). From this stock solution, buffers with a 
lower concentration of Gdm+ ion (10-40 mmol L-1) were prepared by dilution with Milli-Q 
water. 
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3.2.3 Preparation of diguanidinium tetraborate solutions 
A stock solution containing 40 mmol L
-1 
diguanidinium tetraborate was prepared employing 
following reaction 
[65]
: 
[ (   ) ]            
              
→         [ (   ) ]
    (  ) 
                    
The amount of 0.004 mol of diguanidinium carbonate was mixed with 0.016 mol of boric acid 
in 100 mL deionized water. The mixture was heated for 1 h to boiling to get rid of CO2 and 
deionized water was added to keep the final volume of the mixture solution. This solution was 
left to cooling and after cooling the volume was again completed to 100 mL. The 
concentration of this solution is then regarded to be exactly 40 mmol L
-1
. From this stock 
solution, buffers of lower concentration (molar concentration denoted 5-30 mmol L
-1
) were 
prepared by diluting the stock solution with Milli-Q water. 
 
3.2.4 Preparation of samples 
Either individual samples were prepared, which included exclusively one of the nanoparticle 
populations mentioned above, or mixture samples, which included the three nanoparticle 
populations SNP7, SNP12 and SNP22. The individual samples were prepared by taking 1000 
μL from the original sample and completing the volume to 50 mL using one of the salt 
solutions (c = 5 mmol L
-1
) described in Sections 3.2.2 and 3.2.3. The mixture samples consist 
of 500 µL SNP22, 1000 µL SNP12 and 2000 µL SNP7 completed to 50 mL by adding one of 
the salt solutions (c = 5 mmol L
-1
) described in Sections 3.2.2 and 3.2.3. MilliQ water (18 MΩ 
cm, Merck MilliPore, Darmstadt, Germany) was used for sample preparation. 
3.3 Polystyrene Sulfate Latex NPs  
3.3.1 Materials 
Four different populations of polystyrene sulfate latex nanoparticles (PSSL) were supplied by 
Molecular Probes (Eugene, USA), namely Sulfate latex-0.02 µm with mean particle diameter 
21 nm (PSSL20), Sulfate latex-0.04 µm with mean particle diameter 41 nm (PSSL40), Sulfate 
latex-0.06 µm with mean particle diameter 63 nm (PSSL60), and Sulfate latex-0.08 µm with 
mean particle diameter 80 nm (PSSL80).  
The concentration of these PSSL was 8% (w/v) in the original samples. Sodium tetraborate 
decahydrate (Merck, Darmstadt, Germany) was used as a starting material to prepare the 
buffer solution. MilliQ water (Merck MilliPore, Darmstadt, Germany) was used for sample 
dilution. 
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3.3.3 Preparation of the buffers 
For TDA measurements, the different borate buffer solutions were prepared in the 
concentration range (2-10 mmol L
-1
). For the CE measurements, the various concentrations of 
the borate buffer (5-25 mmol L
-1
) were prepared by dissolving a weighed amount of sodium 
tetraborate in deionized water. MilliQ water was used for sample dilution. 
 
3.3.4 Preparation of samples 
For TDA measurements, the stock solution was prepared for each the measured sample by 
weighing it and diluting with 8 mmol L
-1
 of the buffer solution. From this stock solution, 
different concentrations of PSSL were prepared by diluting with 8 mmol L
-1
 of the buffer 
solution. For CE measurements, the same procedure for the preparation of PSSL samples in 
TDA measurements was followed except the buffer concentration used was 5 mmol L
-1
 
instead of 8 mmol L
-1
. 
 
3.4. Cobalt Oxyhydroxide NPs 
3.4.1 Materials 
Cobalt oxyhydroxide NPs (CoOOH-NPs) were prepared by Alexander Kudielka (PhD 
student, Department of Chemistry, Section of Inorganic Chemistry, Workgroup of Prof. Dr. 
Harbrecht, University of Marburg). Nitric acid 1.0 N standard solution (Alfa Aesar, Karlsruhe, 
Germany), Hydrochloric acid 1.0 N (Sigma-Aldrich, Steinheim, Germany), or 
Methanesulfonic acid (MSA) 70% pure (Applichem, Darmstadt, Germany) were used as 
starting material to prepare non-buffering electrolytes. Sodium hydroxide solution 0.2 M 
(Sigma-Aldrich, Steinheim, Germany) was used as a reference material to determine exactly 
the concentrations of the prepared acidic electrolytes. N,N,N,N-tetramethylethylenediamine 
(TEMED) and 3-(trimethoxysilyl) propyl methacrylate (bind silane) were from Fluka (Buchs, 
Switzerland). Ammonium persulfate (APS), didodecyldimethylammonium bromide (DDAB), 
diallyldimethylammonium chloride (DADMAC), poly(diallyldimethylammonium chloride) 
(PDADMAC, solution 20% (w/w) in water, average molar mass: 400,000 - 500,000 g mol
-1
), 
and poly(sodium 4-styrenesulfonate) (PSS, solution 25% (w/w) in water, average molar mass: 
1,000,000 g mol
-1
) were supplied by Sigma-Aldrich (Steinheim, Germany). 
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3.4.2 Preparation of capillary coatings 
3.4.2.1 Covalently bonded (or permanent) coating 
Fused-silica capillaries were first conditioned for each 15 min with acetone, 0.1 M 
hydrochloric acid, 0.1 M sodium hydroxide, water, and finally with acetone. A solution (30% 
(v/v)) of the bifunctional compound 3-(trimethoxysilyl) propylmethacrylate in acetone was 
forced by pressure through the capillary for 30 min at room temperature in order to introduce 
covalently bound vinylic anchoring groups onto the inner wall of the fused silica capillaries. 
After rinsing, the capillary was left overnight filled with the rinsing solution.  
Finally, the pretreated capillary was rinsed successively with acetone and water for each 15 
min. Subsequently, a solution of 5% (w/v) of DADMAC monomer was prepared and 
degassed for 10–15 min using a membrane vacuum pump. After that, 10 µL of 10% (w/v) 
APS and 10 µL of 10% (v/v) TEMED solution were added to the monomer solution, which 
was mixed for 3–5 s using a spatula. Afterwards, the capillary was dipped into the reaction 
mixture, and with help of an argon overpressure (ca. 1–2 bar) the reaction mixture was passed 
into the capillary. This process was continued until the first drop of the reaction mixture 
became visible at the opposite end of the capillary. Both ends of the capillary were then sealed 
with silicone grease and left overnight at room temperature.  
Before installing the capillary in the instrument, it was rinsed with distilled water for about 2-
5 min with the help of an HPLC pump (50–100 bars) and a flow splitter. The detection 
window is created during the rinsing process by burning off a small section (5-6 mm in 
length) of the capillary polyimide coating at a fixed distance from the capillary end using 
lighter until the polyimide turn from dark brown to black in appearance. A carefully and 
gently, the charred polyimide coating cleaned by using a wiper moistened with isopropanol 
over the burned area. Finally, the capillary was installed in the CE apparatus, rinsed and 
equilibrated with buffer solution for 10 min. 
 
3.4.2.2 Noncovalent coating – dynamic coating 
In the dynamic coating procedure, the coating agent DDAB, a double-chained cationic 
surfactant, is added to the background electrolyte (BGE) to prevent CoOOH-NPs adsorption 
on the capillary wall. The pre-treating solution containing DDAB (0.1 mmol L
-1
) was 
prepared as follows. DDAB was prepared by dissolving DDAB in the appropriate BGE (10 
mmol L
-1
) and stirred for 15 min. Then this solution was sonicated for 10 min. Afterwards the 
solution was left to cool at room temperature and stirred at room temperature until DDAB 
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completely dissolved. This sonication/stirring cycle was repeated until the solution of DDAB 
in BGE was clear 
[66]
. New capillaries were pretreated with 0.1 M sodium hydroxide for 10 
min rinsed for 5 min with water. After that, the solution of 0.1 mmol L
-1
 DDAB in buffer was 
rinsed through the capillary for 15 min. Finally, the capillary was washed for 2 min with the 
buffer. Electrophoretic runs are perfomed with electrolytes that do not contain DDAB. After 
each run, the capillary was rinsed successively with the electrolyte containing 0.1 mmol L
-1
 
DDAB (3 min) and then BGE (2 min) 
[67,68]
.  
 
3.4.2.3 Noncovalent coating – static coating 
In the static coating procedures, highly charged high molecular weight polymers 
(polyelectrolytes) were used. In this case, the capillary was rinsed with a solution containing 
the appropriate coating agent. The capillary was coated with multilayers. This technique is 
denoted as formation of SMIL, in which a cationic polymer is sandwiched between an anionic 
polymer such as PSS and the uncoated negative fused-silica capillary. After the process, the 
capillary is covered with successively alternating layers of a polycation and a polyanion.   
The PDADMAC solution 0.2% was prepared as follows: 50 mg PDADMAC, 12.1 mg Tris, 
and 43.4 mg NaCl were dissolved with small amount of water and then 0.5 mL of 0.1 N HCl 
were added to this mixture. Afterwards, this solution was adjusted to 5 mL with water. 
Finally, the solution was sonicated for 5 min and stored at 4 
o
C.  
The PSS solution 0.2% was prepared in the same way as the preparation of the PDADMAC 
solution except that the amount of PSS was 10 mg instead of 50 mg. Each new fused-silica 
capillary was first conditioned with 0.1 M sodium hydroxide for 30 min (20 psi) and with 
water for 15 min (20 psi). For the SMIL coating, five successive layers on the capillary 
surface were deposited by using PDADMAC and PSS sequentially. The last deposited layer 
was PDADMAC, therefore, the inner capillary wall surface will carry a high positive charge 
density. The capillary coating procedure is as follows. The capillary was rinsed with 
PDADMAC solution 0.2% for 10 min (first layer), water for 5 min, PSS solution 0.2% for 10 
min (second layer) and with water for 5 min. Afterwards, the rinse steps were repeated in the 
following order: PDADMAC solution for 10 min (third layer), water for 5 min, PSS solution 
for 10 min (four layer), water for 5 min, PDADMAC solution for 10 min (five layer) and 
water for 5 min. Finally, the capillary was rinsed with the BGE for 5 min. The voltage of 15 
kV was applied for 10 min to stabilize the coating. Then the capillary was equilibrated again 
for 10 min by rinsing with the BGE. 
Finally, the samples of CoOOH-NPs were prepared by dispersing the sample in 10 mmol L
-1
 
HCl, HNO3 and MSA at pH = 2.0 for both TDA and CE measurements. 
  
 
Chapter Four 
Results and Discussion 
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Results and Discussion 
4.1 Colloidal silica nanoparticles 
4.1.1 Electrophoretic mobilities 
Investigations made with colloidal silica nanoparticles (SNPs) are divided into two groups. 
Experiments of the first group are called 1
st
 series (containing the individual measurements of 
SNP12 and SNP22, first batch SNPs) and experiments of the second group are called 2
nd
 
series (second batch SNPs, including the investigations of SNP7, SNP12 and SNP22 added to 
a mixture solution except for the measurements with buffers of 20 mmol L
-1
, which were 
repeated with individual measurements for all sizes of SNPs due to the observed overlap of 
peaks for SNP7 and SNP12). The migration time of the neutral marker ( 0t ) was calculated by 
using two methods. For the first method, the migration time was determined from the positive 
peak of thiourea, whereas in the second method was used the negative system peak to 
determinate the migration time. For different counterions (Li
+
, Na
+
 and K
+
) with different 
concentrations, typical electropherograms of SNPs for 1
st
 series are presented in Figure 7 (also 
see Appendix A1).   
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Figure 7: Recorded electropherogram obtained for SNP12, 1st series, c(Na+) = 20 mmol L-1 . Experimental 
conditions: T = 25°C, total length of capillary = 39.5 cm, capillary length to detector = 29.2 cm, inner 
diameter of fused silica capillary = 76 m, separation voltage 7 kV, sample injection 0.1 psi (6.89 
mbar) 6 s, data rate 16 Hz, absorbance detection at the wavelength of 214 nm. 
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Figure 8 shows the overlap of the peaks between SNP7 and SNP12 of the 2
nd
 series. 
Therefore, the migration time for these series is determined separately to distinguish exactly 
the migration time for each size. The electropherograms are measured in 20 mmol L
-1
 a 
concentration of different counterions (Li
+
, Na
+
, K
+
 and Gdm
+
) (refer to Appendix A2).  It is 
clear from Figure 8 that SNP7 and SNP12 were comigrated as a one peak. 
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Figure 8: Superimposed recorded electropherograms obtained for: ( 0t ) thiourea as neutral marker, (1) SNP7 
(w= 1.2%, w/w in mixture), (2) SNP12 (w= 0.6%, w/w in mixture) and (3) SNP22 (w= 0.4%, w/w in 
mixture), 2
nd
 series, c(Li
+
) = 20 mmol L
-1
. Experimental conditions: T = 25°C, total length of 
capillary = 39.5 cm, capillary length to detector = 29.2 cm, inner diameter of fused silica capillary = 
76 m, separation voltage 7 kV, sample injection 0.1 psi (6.89 mbar) 6 s, data rate 16 Hz, absorbance 
detection at the wavelength of 200 nm. 
On the other hand, the separation of the mixture of 2
nd
 series was demonstrated for different 
concentrations of different counterions (Li
+
, Na
+
, K
+
 and Gdm
+
). The experimental results are 
presented as electropherograms of the mixture of SNPs (2
nd
 series) in Figure 9 and Appendix 
A3. The repeatability of the data was confirmed by repeated injections (3-5 repeated runs). 
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Figure 9: Superimposed recorded electropherograms obtained for: ( 0t ) thiourea as neutral marker, (1) SNP7 
(w= 0.4%, w/w in mixture), (2) SNP12 (w= 0.9%, w/w in mixture) and (3) SNP22 (w= 1.7%, w/w in 
mixture) with 40 mmol L
-1
 of a concentration of Li
+
 at the wavelength of 200 nm. Experimental 
conditions: T = 25°C, total length of capillary = 39.5 cm, capillary length to detector = 29.2 cm, inner 
diameter of fused silica capillary = 76 m, separation voltage 7 kV, sample injection 0.1 psi (6.89 
mbar) 6 s, data rate 16 Hz, absorbance detection at the wavelength of 200 nm. 
The calculated electrophoretic mobilities are given in Table 1. The results for repeated runs 
under variation of the ionic strength are listed in Appendix A4. Good agreement was obtained 
between the migration times observed for 1
st
 series and for 2
nd
 series. Drift in the intensity of 
the Deuterium-lamp employed for absorbance detection causes drift of the baseline which is 
observed in several electropherograms. This drift can be easily corrected and is not inferring 
the developed data evaluation scheme. The relative standard deviation for five consecutive 
runs is between (0.01-0.31%) for Li
+
, (0.02-0.42%) for Na
+
, (0.01-0.69%) for K
+
 and (0.06-
0.70%) for Gdm
+ 
(refer to Appendix A4). Figure 10 shows that the electrophoretic mobility of 
SNPs is dependent on the particle size and dependent on the type of counterion and decreases 
with increasing the ionic strength. The absolute values of the electrophoretic mobility of SNPs 
decrease in the series: Li
+
 > Na
+
 > K
+
 > Gdm
+
. 
Adsorption of SNPs onto the capillary wall can be excluded because the electroosmotic 
velocity remained very constant. The electroosmotic velocity of SNPs follows the same trend 
as that of the electrophoretic mobility of the SNPs with regard to type of counterion and ionic 
strength. The results are presented in Figure 11. 
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Table 1: Electrophoretic mobility 
ep calculated from migration times obtained in consecutive runs (mean 
values, standard deviations in brackets, single values are listed in Appendix 4, for number of 
consecutive runs refer to Tables 1-18 in Appendix 4). 
Cation 
c/ 
(mmol L
-1
) 
ep (SNP7
**
)/ 
(mm
2 
kV
-1 
s
-1
) 
ep (SNP12
*
)/ 
(mm
2 
kV
-1 
s
-1
) 
ep (SNP12
**
)/ 
(mm
2 
kV
-1 
s
-1
) 
ep (SNP22
*
)/ 
(mm
2 
kV
-1 
s
-1
) 
ep (SNP22
**
)/ 
(mm
2 
kV
-1 
s
-1
) 
Li
+ 
20 -32.96 (±0.03) -33.18 (±0.10) -33.13 (±0.04) -33.51 (±0.07) -35.16 (±0.03) 
40 -30.89 (±0.03) -31.93 (±0.01) -32.24 (±0.02) -33.33 (±0.03) -34.88 (±0.02) 
60 -29.94 (±0.04) -31.55 (±0.05) -31.72 (±0.03) -34.16 (±0.07) -34.47 (±0.05) 
80 -29.04 (±0.03) -30.91 (±0.01) -30.93 (±0.02) -33.56 (±0.03) -33.54 (±0.05) 
100 -28.17 (±0.07) -30.14 (±0.01) -30.15 (±0.05) -32.64 (±0.08) -32.63 (±0.05) 
120 -27.54 (±0.06) -29.55 (±0.10) -29.54 (±0.08) -31.84 (±0.04) -31.81 (±0.08) 
Na
+ 
20 -32.63 (±0.02) -30.71 (±0.13) -32.79 (±0.03) -34.20 (±0.11) -34.72 (±0.08) 
40 -30.53 (±0.03) -31.93 (±0.01) -31.82 (±0.02) -34.01 (±0.06) -34.33 (±0.02) 
60 -29.39 (±0.01) -30.39 (±0.03) -31.00 (±0.01) -32.53 (±0.04) -33.58 (±0.04) 
80 -28.23 (±0.01) -29.74 (±0.01) -29.92 (±0.02) -32.00 (±0.05) -32.36 (±0.04) 
100 -27.21 (±0.04) -28.44 (±0.08) -28.92 (±0.03) -30.96 (±0.05) -31.15 (±0.04) 
120 ----------
a
 -27.23 (±0.04) ----------
a
 ----------
a
 ----------
a
 
K
+ 
20 -32.49 (±0.02) -32.36 (±0.03) -32.22 (±0.01) -34.80 (±0.13) -33.67 (±0.05) 
40 -29.89 (±0.08) -31.15 (±0.02) -30.93 (±0.05) -34.22 (±0.06) -32.19 (±0.03) 
60 -28.72 (±0.11) ----------
a
 -29.78 (±0.08) -33.28 (±0.19) -31.35 (±0.02) 
80 -27.25 (±0.07) ----------
a
 -28.79 (±0.19) -32.53 (±0.01) -30.46 (±0.21) 
Gdm
+ 
20 ----------
a
 ----------
a
 -30.35 (±0.02) ----------
a
 -32.04 (±0.02) 
40 -27.47 (±0.03) ----------
a
 -28.71 (±0.05) ----------
a
 -30.72 (±0.11) 
60 -25.50 (±0.18) ----------
a
 -26.90 (±0.15) ----------
a
 -28.70 (±0.19) 
80 -23.90 (±0.05) ----------
a
 -25.36 (±0.30) ----------
a
 -26.88 (±n.d.) 
 
*
 1
st
 series, 
**
 2
nd
 series, 
a
 not determined. 
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Figure 10: Electrophoretic mobilities of (a) SNP7, (b) SNP12 and (c) SNP22 in electrolytes differing in ionic 
strength and type of counterion. For experimental conditions refer to Figure 8, 2
nd
 series. 
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Figure 11: Electroosmotic mobilities of SNPs, 2
nd
 series with different concentrations of different counterions. 
For experimental conditions refer to Figure 8, 2
nd
 series. 
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In consideration of the limited stability of SNPs suspensions, the reproducibility of migration 
times was excellent. The overlay plots in Figures 9, 10 and 11 (see also Appendix A1, A2 and 
A3) demonstrate the excellent reproducibility in peak width, peak height, peak shape and 
migration time that was typically observed. However, SNPs with a nominal diameter of 7 nm 
cannot be separated completely from particles with a nominal diameter of 12 nm at low ionic 
strength (refer Figure 8 and Appendix A3). It can also be deduced that for the separation or 
measurement of small particles a high ionic strength should be chosen, while for the 
separation or measurement of large particles a lower ionic strength can have advantages. 
However, variation of counterion may lead to different critical coagulation concentrations         
(ccc). Allen and Matijevic 
[69]
 found that the ccc of Ludox HS and AM particles in alkali 
halide solutions at fixed salt concentration at pH = 9 followed the series Li
+
 > Na
+
 > K
+
 > Cs
+
.  
The SNPs and capillary wall are of the same material. Therefore, it is interesting to make a 
comparison of data obtained from electrophoresis with those obtained for the electroosmotic 
mobility eo . As shown in Figure 11, the absolute electroosmotic mobility | eo | is decreasing 
with increasing ionic strength and strongly dependent on the type of counterion. By using the 
wide capillaries for | eo |, the validity range of the Helmholtz-Smoluchowski equation is 
reached, hence here the relaxation effect is expected to be negligible. This does not hold for    
|
ep | of the nanoparticles, therefore | ep | << | eo | and d| ep |/d << d| eo |/d. Beside this, the 
dependence of | eo | on the type of counterion follows the same order as that observed for        
|
ep |. An inhomogeneity of the electric field strength in the capillary can be neglected because 
there is no systematic deviation of the results obtained between the two series of SNPs. This 
gives indication that the results are independent of the mass fraction of particles in the sample 
because a higher mass fraction of particles is present in mixed samples for 2
nd
 series, while a 
lower mass fraction of particles is given with samples that contain only one type of SNP (1
st
 
series).  
A comparison of the recorded electropherograms dependent on the size of the nanoparticles, 
the ionic strength, and the type of counterion (refer to Appendix A1, A2 and A3) shows the 
strong influence of aggregation processes on the peak shape. Narrow peaks are observed 
under low ionic strength for all counterions, whereas broad and distorted peaks are obtained 
with the increasing of the ionic strength. It can be noticed that the aggregation is low at low 
ionic strength and increased with increasing the ionic strength. The reason is that the increase 
in ionic strength induces a reduction in the repulsive forces between the particles.  
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Distorted, skewed or even bimodal peaks were obtained in cases of insufficient colloidal 
stability. It is apparent that the second peak can be attributed to aggregated particles. 
Generally, overestimated electrophoretic mobilities and peak distortions point to pronounced 
particle aggregation 
[70]
 under conditions of low ζ potential [71]. On the other hand, aggregation 
and peak shape are affected by the type and concentration of counterion which follow the 
series: Li
+
 < Na
+
 < K
+
 < Gdm
+
 (refer to Appendix A1, A2 and A3). 
 
4.1.2 Evaluation of zeta potential  
The modification proposed by Pyell et al. 
[21]
 for the determination of ζ potential from the 
electrophoretic mobility (cf. Eq. (20)) was employed, taking the mobility of the counterion via 
its ionic drag coefficient into account neglecting the mobility or ionic drag coefficient of the 
co-ion. The limiting equivalent conductance values for the ions Li
+
, Na
+
, K
+
 
[72]
 and Gdm
+
 
[73]
 
at 25 
o
C were taken from literature data. The electrophoretic mobilities can be calculated 
dependent on the reduced sphere radius a  and the ζ potential (refer to Figure 12). These 
calculated values are compared to the experimental values obtained by capillary 
electrophoresis (refer to Appendix 4). Figure 12 shows the superposition of calculated and 
experimental data. All experimental data exceed the threshold value (ζ = 25-50 mV) defined 
for the validity range of the Henry equation (1 100a  for 1:1 electrolyte [9]). Apparently, 
ζ is significantly influenced by the ionic strength and strongly dependent on the type of 
counterion. Independent of the type of counterion, the estimated values for ζ of SNP7 and 
SNP12 are very close, while those for SNP22 seem to be somewhat lower. Moreover, the less 
mobile ions give a larger relaxation effect because the time needed for relaxation increases 
with decreasing ionic mobility.  
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Figure 12: Calculated electrophoretic mobilities ep for: (■) SNP7, (●) SNP12 and (▲) SNP22 with: (a) Li
+
, (b) 
Na
+
, (c) K
+
 and (d) Gdm
+ 
cations for varied reduced sphere radius a and varied ζ with 
superimposed experimental data for different counterions and varied ionic strength.  
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By using an iterative scheme described in [74], calculated ζ values were attained from the 
measured electrophoretic mobility (refer to Appendix 4), which constitute more precise data 
than those obtainable with a graphical procedure. This iterative procedure is based on a 
procedure, in which  is calculated with varied ζ at fixed a and counterm (refer to Table 2:1-
4). The results are given in Table 3. Table 3 also contains those values calculated for ζ at the 
inner capillary wall/electrolyte interface from the experimentally measured electroosmotic 
mobilities eo (refer to Appendix 4) via the Helmholtz-Smoluchowski equation (Eq. 10). 
Table 2-1: Illustration of the iterative scheme employed for the determination of ζ via the modified analytic 
approximation for: SNP7, SNP12 and SNP22 nm with Li-cation as counterion. 
c(Li
+
)/ 
(mmol L
-1
) 
a  ep
 (measured/ 
(10
-8
 m
2
 s
-1
 V
-1
) 
ep (calculated)/ 
(10
-8
 m
2
 s
-1
 V
-1
) 
ζ /mV 
 
20 2.67620 -3.29546 
-3.29528 
-3.29542 
-3.29556 
-78.20 
-78.21 
-78.22 
SNP7
** 
40 3.78472 -3.08852 
-3.08823 
-3.08847 
-3.08870 
-66.62 
-66.63 
-66.64 
60 4.63531 -2.99373 
-2.99353 
-2.99382 
-2.99411 
-61.02 
-61.03 
-61.04 
80 5.35240 -2.90424 
-2.90407 
-2.90440 
-2.90474 
-56.55 
-56.56 
-56.57 
100 5.98416 -2.81732 
-2.81702 
-2.81740 
-2.81777 
-52.89 
-52.90 
-52.91 
120 6.55532 -2.75440 
-2.75419 
-2.75459 
-2.75500 
-50.34 
-50.35 
-50.36 
20 3.83976 -3.31280 
-3.31274 
-3.31280 
-3.31286 
-81.49 
-81.50 
-81.51 
SNP12
** 
40 5.43024 -3.22383 
-3.22368 
-3.22390 
-3.22412 
-67.72 
-67.73 
-67.74 
60 6.65066 -3.17204 
-3.17168 
-3.17198 
-3.17227 
-61.96 
-61.97 
-61.98 
80 7.67953 -3.09251 
-3.09234 
-3.09270 
-3.09306 
-57.27 
-57.28 
-57.29 
100 8.58597 -3.01521 
-3.01498 
-3.01539 
-3.01579 
-53.74 
-53.75 
-53.76 
120 9.40546 -2.95352 
-2.95304 
-2.95348 
-2.95391 
-51.19 
-51.20 
-51.21 
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20 3.83976 -3.31839 
-3.31835 
-3.31839 
-3.31844 
-82.54 
-82.55 
-82.56 
SNP12
*
 
40 5.43024 -3.19338 
-3.19319 
-3.19343 
-3.19365 
-66.39 
-66.40 
-66.41 
60 6.65066 -3.15490 
-3.15454 
-3.15484 
-3.15515 
-61.39 
-61.40 
-61.41 
80 7.67953 -3.09067 
-3.09019 
-3.09056 
-3.09091 
-57.21 
-57.22 
-57.23 
100 8.58597 -3.01393 
-3.01337 
-3.01377 
-3.01418 
-53.70 
-53.71 
-53.72 
120 9.40546 -2.95498 
-2.95435 
-2.95478 
-2.95522 
-51.22 
-51.23 
-51.24 
20 7.09774 -3.51610 
-3.51603 
-3.51617 
-3.51632 
-75.53 
-75.54 
-75.55 
SNP22
** 
40 10.03772 -3.48775 
-3.48749 
-3.48782 
-3.48814 
-64.16 
-64.17 
-64.18 
60 12.29365 -3.44654 
-3.44629 
-3.44669 
-3.44709 
-59.41 
-59.42 
-59.43 
80 14.19549 -3.35408 
-3.35353 
-3.35399 
-3.35445 
-55.31 
-55.32 
-55.33 
100 15.87104 -3.26249 
-3.26195 
-3.26245 
-3.26295 
-52.19 
-52.20 
-52.21 
120 17.38585 -3.18137 
-3.18075 
-3.18128 
-3.18181 
-49.78 
-49.79 
-49.80 
20 7.09774 -3.35058 
-3.35031 
-3.35055 
-3.35180 
-67.19 
-67.20 
-67.21 
SNP22
* 
40 10.03772 -3.33294 
-3.33257 
-3.33294 
-3.33331 
-59.71 
-59.72 
-59.73 
60 12.29365 -3.41552 
-3.41491 
-3.41532 
-3.41573 
-58.64 
-58.65 
-58.66 
80 14.19549 -3.35641 
-3.35584 
-3.35630 
-3.35676 
-55.36 
-55.37 
-55.38 
100 15.87104 -3.26360 
-3.26295 
-3.26345 
-3.26395 
-52.21 
-52.22 
-52.23 
120 17.38585 -3.18375 
-3.18341 
-3.18394 
-3.18447 
-49.83 
-49.84 
-49.85 
*
 1
st
 series. 
**
 2
nd
 series. 
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Table 2-2: Illustration of the iterative scheme employed for the determination of ζ via the modified analytic 
approximation for: SNP7, SNP12 and SNP22 nm with Na-cation as counterion. 
c(Na
+
)/ 
(mmol L
-1
) 
a  ep
(measured/ 
(10
-8
 m
2
 s
-1
 V
-1
) 
ep (calculated)/ 
(10
-8
 m
2
 s
-1
 V
-1
) 
ζ /mV  
20 2.67620 -3.26319 
-3.26295 
-3.26318 
-3.26341 
-72.30 
-72.31 
-72.32 
SNP7
** 
40 3.78472 -3.05304 
-3.05284 
-3.05314 
-3.05343 
-63.02 
-63.03 
-63.04 
60 4.63531 -2.93900 
-2.93861 
-2.93895 
-2.93930 
-57.71 
-57.72 
-57.73 
80 5.35240 -2.82333 
-2.82281 
-2.82320 
-2.82359 
-53.18 
-53.19 
-53.20 
100 5.98416 -2.72136 
-2.72110 
-2.72152 
-2.72194 
-49.64 
-49.65 
-49.66 
20 3.83976 -3.27863 
-3.27832 
-3.27853 
-3.27874 
-71.77 
-71.78 
-71.79 
SNP12
** 
40 5.43024 -3.18164 
-3.18141 
-3.18170 
-3.18200 
-63.41 
-63.42 
-63.43 
60 6.65066 -3.09975 
-3.09927 
-3.09963 
-3.09999 
-58.09 
-58.10 
-58.11 
80 7.67953 -2.99201 
-2.99178 
-2.99219 
-2.99261 
-53.54 
-53.55 
-53.56 
100 8.58597 -2.89224 
-2.89195 
-2.89240 
-2.89286 
-50.04 
-50.05 
-50.06 
20 3.83976 -3.23131 
-3.23108 
-2.23131 
-2.23155 
-69.64 
-69.65 
-69.66 
SNP12
*
 
40 5.43024 -3.07055 
-3.07004 
-3.07037 
-3.07071 
-59.88 
-59.89 
-59.90 
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60 6.65066 -3.03943 
-3.03900 
-3.03938 
-3.03976 
-56.46 
-56.47 
-56.48 
80 7.67953 -2.97421 
-2.97386 
-2.97427 
-2.97470 
-53.11 
-53.12 
-53.13 
100 8.58597 -2.84395 
-2.84338 
-2.84384 
-2.84430 
-48.98 
-48.99 
-49.00 
120 9.40546 -2.72253 
-2.72227 
-2.72277 
-2.72326 
-45.63 
-45.64 
-45.65 
20 7.09774 -3.47218 
-3.47194 
-3.47221 
-3.47248 
-68.77 
-68.78 
-68.79 
SNP22
** 
40 10.03772 -3.43336 
-3.43303 
-3.43341 
-3.43380 
-60.91 
-60.92 
-60.93 
60 12.29365 -3.35806 
-3.35767 
-3.35812 
-3.35858 
-56.27 
-56.28 
-56.29 
80 14.19549 -3.23606 
-3.23558 
-3.23609 
-3.23659 
-52.14 
-52.15 
-52.16 
100 15.87104 -3.11538 
-3.11467 
-3.11522 
-3.11576 
-48.83 
-48.84 
-48.85 
20 7.09774 -3.41966 
-3.41923 
-3.41952 
-3.41981 
-66.86 
-66.87 
-66.88 
SNP22
* 
40 10.03772 -3.40085 
-3.40028 
-3.40067 
-3.40107 
-60.07 
-60.08 
-60.09 
60 12.29365 -3.25322 
-3.25269 
-3.25316 
-3.25363 
-54.00 
-54.01 
-54.02 
80 14.19549 -3.20022 
-3.19961 
-3.20012 
-3.20063 
-51.43 
-51.44 
-51.45 
100 15.87104 -3.09559 
-3.09517 
-3.09572 
-3.09626 
-48.47 
-48.48 
-48.49 
*
 1
st
 series. 
**
 2
nd
 series. 
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Table 2-3: Illustration of the iterative scheme employed for the determination of ζ via the modified analytic 
approximation for: SNP7, SNP12 and SNP22 nm with K-cation as counterion. 
c(K
+
)/ 
(mmol L
-1
) 
a  ep
 (measured/ 
(10
-8
 m
2
 s
-1
 V
-1
) 
ep (calculated)/ 
(10
-8
 m
2
 s
-1
 V
-1
) 
ζ /mV 
 
20 2.67620 -3.24942 
-3.24905 
-3.24933 
-3.24962 
-69.09 
-69.10 
-69.11 
SNP7
** 
40 3.78472 -2.98892 
-2.98875 
-2.98910 
-2.98945 
-59.37 
-59.38 
-59.39 
60 4.63531 -2.87209 
-2.87172 
-2.87211 
-2.87251 
-54.66 
-54.67 
-54.68 
80 5.35240 -2.72538 
-2.72494 
-2.72537 
-2.72581 
-49.91 
-49.92 
-49.93 
20 3.83976 -3.22202 
-3.22170 
-3.22200 
-3.22229 
-66.44 
-66.45 
-66.46 
SNP12
** 
40 5.43024 -3.09270 
-3.09238 
-3.09275 
-3.09312 
-58.91 
-58.92 
-58.93 
60 6.65066 -2.97828 
-2.97769 
-2.97811 
-2.97854 
-53.77 
-53.78 
-53.79 
80 7.67953 -2.87910 
-2.87843 
-2.87889 
-2.87936 
-50.08 
-50.09 
-50.10 
20 3.83976 -3.23574 
-3.23549 
-3.23578 
-3.23607 
-66.91 
-66.92 
-66.93 
SNP12
* 40 5.43024 -3.11529 
-3.11507 
-3.11543 
-3.11580 
-59.53 
-59.54 
-59.55 
100 8.58597 -2.87689 
-2.87640 
-2.87688 
-2.87736 
-48.99 
-49.00 
-49.01 
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20 7.09774 -3.36387 
-3.36363 
-3.36399 
-3.36434 
-62.79 
-62.80 
-62.81 
SNP22
** 
40 10.03772 -3.21927 
-3.21894 
-3.21940 
-3.21986 
-54.65 
-54.66 
-54.67 
60 12.29365 -3.13516 
-3.13468 
-3.13519 
-3.13571 
-50.85 
-50.86 
-50.87 
80 14.19549 -3.04595 
-3.04505 
-3.04560 
-3.04615 
-47.94 
-47.95 
-47.96 
20 7.09774 -3.48002 
-3.47959 
-3.47991 
-3.48024 
-66.16 
-66.17 
-66.18 
SNP22
* 
40 10.03772 -3.42210 
-3.42149 
-3.42192 
-3.42235 
-59.19 
-59.20 
-59.21 
60 12.29365 -3.32828 
-3.32763 
-3.32812 
-3.32861 
-54.70 
-54.71 
-54.72 
80 14.19549 -3.25326 
-3.25249 
-3.25302 
-3.25354 
-51.80 
-51.81 
-51.82 
*
 1
st
 series. 
**
 2
nd
 series.
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Table 2-4: Illustration of the iterative scheme employed for the determination of ζ via the modified analytic 
approximation for: SNP7, SNP12 and SNP22 nm with Gdm-cation as counterion. 
c(Gdm
+
)/ 
(mmol L
-1
) 
a  ep
(measured/ 
(10
-8
 m
2
 s
-1
 V
-1
) 
ep (calculated)/ 
(10
-8
 m
2
 s
-1
 V
-1
) 
ζ /mV 
 
20 3.78472 -2.74739 
-2.74701 
-2.74739 
-2.74776 
-53.80 
-53.81 
-53.82 
SNP7
** 30 4.63531 -2.54948 
-2.54911 
-2.54953 
-2.54996 
-47.54 
-47.55 
-47.56 
40 5.35240 -2.39191 
-2.39122 
-2.39168 
-2.39215 
-43.02 
-43.03 
-43.04 
10 3.83976 -3.03484 
-3.03466 
-3.03497 
-3.03523 
-62.15 
-62.16 
-62.17 
SNP12
** 
20 5.43024 -2.87051 
-2.87016 
-2.87055 
-2.87093 
-54.18 
-54.19 
-54.20 
30 6.65066 -2.68971 
-2.68912 
-2.68956 
-2.69001 
-47.90 
-47.91 
-47.92 
40 7.67953 -2.53644 
-2.53593 
-2.53642 
-2.53691 
-43.44 
-43.45 
-43.46 
10 7.09774 -3.20373 
-3.20336 
-3.20372 
-3.20407 
-59.95 
-59.96 
-59.97 
SNP22
** 
20 10.03772 -3.07193 
-3.07144 
-3.07189 
-3.07235 
-52.27 
-52.28 
-52.29 
30 12.29365 -2.86976 
-2.86896 
-2.86948 
-2.87001 
-46.25 
-46.26 
-46.27 
40 14.19549 -2.68819 
-2.68787 
-2.68844 
-2.68900 
-41.90 
-41.91 
-41.92 
**
 2
nd
 series.
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Table 3: Electrokinetic potential calculated from the data in Appendix 4 with the iterative procedure illustrated 
in Table 1:1-4 and electrokinetic potential of the capillary wall/electrolyte interface calculated via 
Helmholtz-Smoluchowski equation. 
cation 
counterion 
c(cation)/ 
(mmol L
-1
) 
SNP7
** 
ζ/mV 
SNP12
** 
ζ /mV 
SNP12
* 
ζ /mV 
SNP22
** 
ζ /mV 
SNP22
* 
ζ /mV 
Capillary
(a) 
ζ /mV 
Capillary
(b) 
ζ /mV 
Li
+ 
20 -78.21 -81.50 -82.55 -75.54 -67.20 -87.16 -88.22 
40 -66.63 -67.73 -66.40 -64.17 -59.72 -73.78 -75.42 
60 -61.03 -61.97 -61.40 -59.42 -58.65 -70.68 -67.05 
80 -56.56 -57.28 -57.22 -55.32 -55.37 -64.07 -61.21 
100 -52.90 -53.75 -53.71 -52.20 -52.22 -59.63 -56.96 
120 -50.35 -51.20 -51.23 -49.79 -49.84 -55.65 -53.33 
Na
+ 
20 -72.31 -71.78 -69.65 -68.78 -66.87 -80.75 -82.01 
40 -63.03 -63.42 -59.89 -60.92 -60.08 -66.97 -68.92 
60 -57.72 -58.10 -56.47 -56.28 -54.01 -59.09 -61.10 
80 -53.19 -53.55 -53.12 -52.15 -51.44 -53.80 -54.95 
100 -49.65 -50.05 -48.99 -48.84 -48.48 -50.85 -50.12 
120 --------
(c) 
--------
(c)
 -45.64 --------
(c)
 -------
(c)
 -46.56 -46.70 
K
+ 
20 -69.10 -66.45 -66.92 -62.80 -66.17 -81.25 -76.75 
40 -59.38 -58.92 -59.54 -54.66 -59.20 -67.09 -66.61 
60 -54.67 -53.78 -------
(c)
 -50.86 -54.71 -58.20 -58.17 
80 -49.92 -50.09 -------
(c)
 -47.95 -51.81 -51.33 -51.81 
100 --------
(c)
 --------
(c)
 -49.00 --------
(c)
 -------
(c)
 -46.26 -48.04 
120 --------
(c)
 --------
(c)
 -------- --------
(c)
 -------
(c)
 -45.14 -44.65 
Gdm
+ 
20 --------
(c)
 -62.16 -------
(c)
 -59.96 -------
(c)
 -------
(c)
 -71.56 
40 -53.81 -54.19 -------
(c)
 -52.28 -------
(c)
 -------
(c)
 -59.01 
60 -47.55 -47.91 -------
(c)
 -46.26 -------
(c)
 -------
(c)
 -50.01 
80 -43.03 -43.45 -------
(c)
 -41.91 -------
(c)
 -------
(c)
 -44.33 
 
*
 1
st
 series. 
**
 2
nd
 series. 
(a)  
mean value of ζ for 1st series from first method.  (b)  mean value of ζ for 2nd series from 
second method. 
(c)
 not determined. 
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The validity of the employed approximate analytic approach can be confirmed through a 
comparison between SNPs data and capillary data (both materials are amorphous silica), so 
that similar values for ζ would be expected independent of size and geometry. There is good 
agreement of ζ calculated for the fused silica wall and the SNPs as shown in Figure 13 
dependent on concentration and type of counterion. Figure 13 and Table 3 show a discrepancy 
in |ζ | calculated for SNPs with those for the capillary wall, particularly at lower ionic strength. 
This can be attributed to a difference in the diffuse layer specific capacitance, which is 
curvature-dependent 
[75]
. 
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Figure 13: Comparison of |ζ | calculated from the electroosmotic mobility (closed symbols) to |ζ | calculated 
from the electrophoretic mobility determined for SNP12/2
nd
 series (open symbols) dependent on 
concentration and type of counterion. For experimental conditions refer to Figure 9 and Appendix 3. 
Figure 14 presents the ζ potential of different SNP populations as a function of the counterion 
concentration. Although the individual ζ potentials are somewhat scattered, the increase in the 
ionic strength clearly produced a decrease in the absolute value of ζ for all four types of 
counterions and this result complies with the expectations due to the compression of the 
diffuse layer. The results indicate that at any electrolyte concentration, the absolute value of 
the ζ potential decreases in the series Li+ > Na+ > K+ > Gdm+. This series is identical to that 
determined for quartz 
[76]
. The experimental data demonstrated that the magnitude of ζ at any 
pH value follows the Hofmeister series, so that ζ values are most negative in the presence of 
lithium and least negative in the presence of cesium.  
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Figure 14: Zeta potential of SNPs as a function of the monovalent counterions concentration, at 25
o
C: (a) Li
+
, 
(b) Na
+
, (c) K
+
 and (d) Gdm
 +
. 
The two series of SNPs demonstrate a good reproducibility. However, the limited accuracy of 
this method does not allow to observe a dependence of ζ on the particle radius, which might 
be predicted from the curvature-dependence of the diffuse layer specific capacitance 
[75]
. 
Furthermore, as the ζ potential of SNPs decreases, the electrostatic repulsion between particles 
will also decrease, allowing particles to approach one another more closely. However, when 
the minimum separation distance is reduced to within the range of van der Waals or other 
attractive forces, the suspension starts to aggregate. Finally, as can be seen in Figure 12 the 
largest variation of data is observed at low ionic strength (for ( )c cation  = 20 mmol L
-1
) 
resulting from the nonlinearity of the function ( )f  under conditions of a strong impact of 
the relaxation effect. Therefore, at this low ionic strength the estimation of ζ is associated with 
the highest imprecision. For Li
+
 as counterion, a distinct maximum of the function ( )f  is 
observed. 
 
4.1.3 Estimation of electrokinetic surface charge densities 
As outlined in Section 2.1.5, with the purpose of calculating the electrokinetic surface charge 
densities of SNPs, Eq. (24) was used. The significant errors are resulting from using Eq. (24) 
for 0.5a  , can be neglected because 0.5a  for all experimental data (refer to Figure 7). 
Therefore, correct values for  are expected by using this equation with a maximum relative 
error much smaller than 5%. The results of the electrokinetic surface charge density   
(nanoparticles and planar limiting case) are represented in Figure 15 and Table 4.  
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Figure 15: Electrokinetic surface charge densities of SNPs as a function of the monovalent counterions 
concentration, at 25
o
C: (a) Li
+
, (b) Na
+
, (c) K
+
 and (d) Gdm
+
 for 2
nd
 series; (e) mean values of SNPs 
and (f) planar limiting case.  
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Table 4: Electrokinetic surface charge density  (obtained via Eq. (20)) for the nanoparticles investigated 
compared to the surface charge density   of capillary inner wall (Gouy-Chapman equation). 
Cation 
c/ 
(mmol L
-1
) 
SNP7
**
 
 / 
(C m
-2
) 
SNP12
*
 
 / 
(C m
-2
) 
SNP12
**
 
 / 
(C m
-2
) 
SNP22
*
 
 / 
(C m
-2
) 
SNP22
**
 
 / 
(C m
-2
) 
Mean
b
 
 / 
(C m
-2
) 
Capillary 
 / 
(C m
-2
) 
rel. dev.
c
/ 
% 
Li
+ 
20 -0.0443 -0.0455 -0.0446 -0.0311 -0.0371 -0.0396 -0.0451 -12.3 
40 -0.0468 -0.0444 -0.0457 -0.0363 -0.0401 -0.0416 -0.0482 -13.6 
60 -0.0494 -0.0477 -0.0484 -0.0428 -0.0436 -0.0456 -0.0490 -6.9 
80 -0.0506 -0.0494 -0.0495 -0.0454 -0.0453 -0.0474 -0.0495 -4.2 
100 -0.0512 -0.0504 -0.0504 -0.0467 -0.0467 -0.0486 -0.0500 -2.9 
120 -0.0521 -0.0515 -0.0515 -0.0480 -0.0479 -0.0497 -0.0501 -0.7 
 Mean
d
 -------
a
 -0.0487 -0.0491 -0.0438 -0.0447 -0.0466 -0.0494 
-5.6  SD
d
 -------
a
 0.0028 0.0022 0.0046 0.0030 0.0032 0.0008 
 RSD
e
/% -------
a
 5.6917 4.5152 10.5676 6.7980 6.7804 1.5862 
Na
+ 
20 -0.0395 -0.0352 -0.0368 -0.0309 -0.0322 -0.0338 -0.0393 -14.1 
40 -0.0434 -0.0385 -0.0417 -0.0366 -0.0373 -0.0385 -0.0418 -7.8 
60 -0.0459 -0.0427 -0.0443 -0.0383 -0.0405 -0.0415 -0.0428 -3.2 
80 -0.0467 -0.0448 -0.0453 -0.0412 -0.0419 -0.0433 -0.0426 1.6 
100 -0.0473 -0.0448 -0.0460 -0.0425 -0.0429 -0.0441 -0.0421 4.6 
120 -------
a
 -0.0446 -------
a
 -------
a
 -------
a
 -0.0446 -0.0423 5.4 
 Mean
d
 -------
a
 -0.0431 -0.0443 -0.0397 -0.0407 -0.0424 -0.0423 
0.2  SD
d
 -------
a
 0.0027 0.0019 0.0027 0.0024 0.0025 0.0004 
 RSD
e
/% -------
a
 6.2876 4.2502 6.7752 6.0040 5.8139 0.9363 
K
+ 
20 -0.0371 -0.0333 -0.0329 -0.0354 -0.0283 -0.0325 -0.0352 -7.7 
40 -0.0401 -0.0382 -0.0377 -0.0304 -0.0322 -0.0346 -0.0396 -12.6 
60 -0.0427 -------
a
 -0.0400 -0.0358 -0.0354 -0.0371 -0.0400 -7.3 
80 -0.0432 -------
a
 -0.0416 -0.0390 -0.0377 -0.0394 -0.0394 0.1 
100 -------
a
 -------
a
 -------
a
 -------
a
 -------
a
 -------
a
 -0.0399 -------
a
 
120 -------
a
 -------
a
 -------
a
 -------
a
 -------
a
 -------
a
 -0.0399 -------
a
 
 Mean
d
 -------
a
 -0.0382 -0.0398 -0.0351 -0.0351 -0.0370 -0.0398 
-6.8  SD
d
 -------
a
 -------
a
 0.0020 0.0043 0.0028 0.0024 0.0003 
 RSD
e
/% -------
a
 -------
a
 4.9299 12.3954 7.8696 6.4907 0.6313 
Gdm
+ 
20 -------
a
 -------
a
 -0.0301 -------
a
 -0.0265 -0.0283 -0.0314 -9.9 
40 -0.0353 -------
a
 -0.0338 -------
a
 -0.0304 -0.0321 -0.0333 -3.6 
60 -0.0359 -------
a
 -0.0346 -------
a
 -0.0315 -0.0331 -0.0326 1.4 
80 -0.0361 -------
a
 -0.0350 -------
a
 -0.0320 -0.0335 -0.0322 4.0 
 Mean
d
 -------
a
 -------
a
 -0.0345 -------
a
 -0.0313 -0.0329 -0.0327 
0.6  SD
d
 -------
a
 -------
a
 0.0006 -------
a
 0.0008 0.0007 0.0006 
 RSD
e
/% -------
a
 -------
a
 1.7728 -------
a
 2.6151 2.1735 1.7027 
 
*
 1
st
 series, 
**
 2
nd
 series,
 a
 not determined, 
b
 arithmetic mean of values determined for SNP12 and SNP22, 
c
 rel. 
dev. = relative deviation in percent = {[  (Capillary) – (Mean)]/  (Capillary)} (-100),  
d
 without value for 
c = 20 mmol L
-1
, 
e
 RSD = relative standard deviation. 
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Table 4 clearly shows that  (nanoparticles and planar limiting case) is dependent on the type 
of the counterion. The stability of the negatively charged SNPs will decrease in the order Li
+
 
> Na
+
 > K
+
 > Gdm
+
 at fixed ionic strength. For fixed electrolyte concentration, peak distortion 
is increasing in the order Li
+
 < Na
+
 < K
+
 < Gdm
+
 with the recorded peaks dependent on the 
type of counterion. These results are in accord with the manufacturer’s information on 
colloidal stability of different populations, peak distortion is increasing in the order SNP22 < 
SNP12 < SNP7 (at fixed type of counterion and ionic strength). These considerations are 
allowing to predict the order of the critical coagulation concentration (ccc) for a given 
nanoparticle population to be Li
+
 > Na
+
 > K
+
 > Gdm
+
, which corresponds to the Hofmeister 
series 
[77]
 (or lyotropic sequence [78]) and exactly matches those data determined experimentally 
for silica nanoparticles by other workers 
[69,79]
. Also, these data confirm that the observed 
differences in ccc can be ascribed to differences in ζ induced by differences in  . 
There is a significant increase for SNPs in  with ionic strength for all counterions that is not 
observed in the planar limiting case. This observation can be attributed to the influence of 
aggregation that is more pronounced with higher I and lower  . This result confirms that a 
correct measurement of 
ep by CE requires the absence of aggregation during the 
electrophoretic run. However, in spite of a small mean relative deviation (less than 7% in all 
instances) between the results for SNPs and for the interface fused silica capillary/buffer, 
these results as an indirect confirmation of the validity of the modified analytic approximation 
presented by Pyell et al. 
[74]
, which consider that the effective ionic drag coefficient should be 
approximated with the ionic drag coefficient of the counterion in the case of a buffered 
solution with a weak electrolyte co-ion and a strong electrolyte counterion. In addition, 
comparison of the results obtained for different series gives an indication of the precision of 
the method. Variation of results obtained for different nanoparticle populations reflects 
differences in the colloidal stability but also inaccuracies due to the imprecision in the 
determination of ζ. 
According to Barisik et al. 
[80]
 the surface charge density is independent of the particle size if 
the ratio of electrical double layer thickness to the particle diameter ( / 0.2D pd  ) (which 
was reached in the current investigations), regardless of the pH and the ionic strength. 
Therefore, it would be expected that  is invariant with the particle diameter (and identical 
with that of the planar limiting case). Hence if the measured values for ep and eo do not 
show significant deviations from the true values, the comparison between  for SNPs with 
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those for the inner capillary wall (planar limiting case) should provide an unbiased 
confirmation of the correctness of the applied approach (with regard to the calculation of ζ and 
 ). This prerequisite is not given in all cases due to particle aggregation during the 
electrophoretic run resulting in distorted peaks. However, the data obtained for eo are 
expected to be very accurate, while those data obtained from distorted electrophoretic zones 
are systematically higher than the true values. A more pronounced (upwards) shift due to 
aggregation effects under conditions of higher ionic strength is expected. As shown in Table 
4,  can be regarded to be independent of the ionic strength (within the selected parameter 
range, I  = 40-120 mmol L
-1
) for the inner capillary surface with all counterions with relative 
standard deviation between 0.7-2 %.  
 
4.1.4 Calculation of size distribution functions 
The approach proposed by Pyell 
[81]
 and Pyell et al. 
[82]
 to convert electropherograms directly 
into size distribution functions was used. They succeeded in avoiding experimental calibration 
curves. Their method is based on an exact determination of the electrokinetic potential ζ by 
measuring the electrophoretic mobility in an electrolyte of known composition. In addition, 
the mean particle radius has to be determined by a second independent method (e.g., TEM or 
Taylor dispersion analysis (TDA)). The signal-to-noise ratio was improved by a cumulative 
superposition of consecutive runs. Figure 16 (refer to Appendix A5) illustrates the principle 
for a sample containing SNP22 (1
st
 series) and for a sample containing a mixture of SNPs (2
nd
 
series). Direct superposition is possible because of the very small variation in migration times. 
The cumulative superposition of five runs results in at least a two-fold improvement of the 
signal-to-noise ratio. 
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Figure 16: Electropherograms obtained: (a) superposition of consecutive runs, and (b) cumulative superposition 
for SNP22 (1
st
 series), c(Li
+
) = 80 mmol L
-1
; (c) superposition of consecutive runs, and (d) 
cumulative superposition for a mixture of SNPs (2
nd
 series), c(Li
+
) = 80 mmol L
-1
. Experimental 
conditions (refer to Figs. 5 and 6). 
After that, the recorded electropherograms can be easily converted into intensity-weighted 
electrophoretic mobility distributions (see Figure 17). Therefore, the regression lines which 
were calculated by using the (modified) analytic approximation presented by Ohshima 
[19,20]
 
permit to calculate functions (see Appendix A6) that relate the electrophoretic mobility 
ep to 
the reduced radius a at fixed value for ζ (refer to Table 3 and Appendix A7). 
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Figure 17: Intensity-weighted distribution of the electrophoretic mobility resulting from an electropherogram 
obtained: (a) for SNP12 (1
st
 series), c(Na
+
) = 60 mmol L
-1
, (b) for SNPs mixture (2
nd
 series), 40 
mmol L
-1
.  Experimental conditions (refer to Figures. 5 and 6). 
Within the selected ranges for the reduced sphere radius a , the function ( )ep f a  can be 
approximated with a straight line, although this function is inherently nonlinear (refer to 
Figure 15). The resulting constants and the associated standard errors are listed in Appendix 
A7. In general, there is a decrease in the calculated constants for SNP12 and SNP22 with 
increasing ionic strength (which reflects the decrease in |ζ | with increasing ionic strength). 
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This comparison shows that from the viewpoint of maximizing sensitivity, better 
measurement conditions are reached with higher ionic strength. An improved accuracy of the 
method would be reached by the calculation of a larger set of data points and fitting to a 
polynomial function. 
Size distribution functions can now be obtained by converting the mobility x-axis of the 
converted electropherograms (refer to Figure 17) into a size coordinate via rearranging the 
regression function ( )f a  into ( )a f  or ( )a f  with a fixed  . The following 
procedure was finally selected for the conversion of recorded electropherograms into size 
distribution functions:  
1. Traces with an improved signal-to-noise-ratio were obtained by the cumulative 
superposition of subsequently recorded electropherograms (refer to Figure 16 and 
Appendix A5). 
2. These traces were converted into functions ( )A f  (A = apparent absorbance, refer 
to Figure 14) and then to ( )A f d  (d  = particle diameter) by applying the regression 
lines depicted in Appendix 6. 
3. After smoothing of the obtained traces using Savitzky−Golay algorithm (100−3500 
points) and baseline subtraction, the resultant lines were fitted to Gram−Charlier A 
series function (cf. Eq.(30)). The obtained regression parameters are listed in Table 5. 
4. Subsequently, new data points were calculated with a step length of 0.01 nm by using 
Gram−Charlier A series function and the regression parameters listed in Table 5. After 
weighing the data points with the correction factor max /d d , maxd d at the maximum, 
the parameters 1 ( 1 = first moment),  (  = second central moment), 3 ( 3  = 
skewness), and 4 ( 4 = excess) (refer to Tables 6 and 7) were calculated using 
moment analysis 
[71]
.  
5. Superposition of the resulting size distribution curves with size distribution histograms 
obtained via TEM from ref. [71] are depicted in Figure 18 and Appendix A8.  
The results presented in Tables 5-7, Figure 18 and Appendix 8 confirm that the developed 
method to convert electropherograms into size distribution functions works reliably 
independent of the type of counterion. The results obtained for  (Table 6) are in good 
agreement with these resulting from TEM analysis (Table 7). The type of counterion has no 
significant effect on the determined . This result indirectly confirms the validity of the 
theoretical approach for the calculation of  from electrokinetic data and the mean particle 
size (based on a second independent method such as TEM or TDA). It also confirms that 
reliable values can be easily obtained from mixtures of NP populations, which is difficult with 
TEM and often impossible with DLS 
[71]
. However, the imprecision of the values obtained for 
3  and 4  (Tables 5 and 6) does not allow determining skewness and/or kurtosis. 
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Using Li
+
 or Na
+
 has advantages with regard to the use of K
+
 or Gdm
+
 as counterion, due to 
the stabilizing effect of Li
+
 and Na
+
 (higher ccc due to higher | | and higher | |), which 
prevents particle aggregation and peak distortion. Li
+
 as counterion might have advantages for 
NPs with lower | |, while Na+ as counterion might have advantages for NPs with very high     
| |. 
In addition, the higher counterm of Li
+
 with regard to the counterm of Na
+
 has a positive impact   
on the size-selectivity of the method, which is based on the size-dependent relaxation effect. 
This impact on the size-selectivity, which is dependent on 
counterm , further justifies the 
conclusion that using Li
+
 or Na
+
 as counterion has advantages over K
+
 or Gdm
+
. Borate as  
co-ion permits the exact definition of pH and ionic strength. The role of the co-ion is expected 
to be very low 
[71,83]
. This influence might be elucidated in further studies. 
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Figure 18: Superposition of size distribution functions calculated from electropherograms (black solid line) 
obtained for (a) SNP22 (1
st
 series) and (b) SNP22 (2
nd
 series), c(Li
+
) = 60 mmol L
-1
, T = 25 °C with 
histograms calculated from TEM data. 
  
d/nm
(b)
re
la
ti
v
e
 u
n
it
s
10 15 20 25 30 35 40 45
 
67 
 
Table 5: Calculated parameters obtained via nonlinear fitting to Gram-Charlier A Series function. 
Cation 
counterion 
SNP ( )c cation / 
(mmol L
-1
) 
R
 
1 /nm  /nm 3  4  
Li
+
 
SNP7
** 40 0.9965 11.39 (±0.09) 1.15 (±0.02) -0.057 (±0.15) 0.042 (±0.10) 
60 0.9983 11.41 (±0.02) 1.18 (±0.01) 0.140 (±0.03) 0.474 (±0.02) 
SNP12
* 
40 0.9988 16.84 (±0.03) 2.13 (±0.01) 0.667 (±0.04) 0.631 (±0.02) 
60 0.9997 16.66 (±0.01) 1.64 (±0.01) -0.348 (±0.01) 0.021 (±0.01) 
80 0.9997 16.10 (±0.01) 1.73 (±0.01) -0.328 (±0.01) 0.057 (±0.01) 
100 0.9995 16.30 (±0.02) 1.89 (±0.01) -0.123 (±0.02) -0.013 (±0.02) 
120 0.9991 17.28 (±0.06) 1.99 (±0.01) 1.427 (±0.01) 0.760 (±0.01) 
SNP12
**
 
40 0.9997 16.90 (±0.02) 1.22 (±0.01) 0.509 (±0.04) 0.385 (±0.03) 
60 0.9990 16.67 (±0.03) 1.05 (±0.01) 0.217 (±0.06) 0.213 (±0.04) 
80 0.9991 16.22 (±0.01) 1.13 (±0.01) -0.072 (±0.01) 0.286 (±0.01) 
SNP22
* 
20 0.9999 30.47 (±0.02) 3.11 (±0.01) 0.202 (±0.01) 0.114 (±0.01) 
40 0.9988 31.37 (±0.02) 3.53 (±0.01) 0.125 (±0.01) -0.102 (±0.01) 
60 0.9995 29.20 (±0.02) 3.75 (±0.01) -0.978 (±0.01) -0.328 (±0.01) 
80 0.9997 29.50 (±0.03) 3.63 (±0.01) -0.506 (±0.02) -0.148 (±0.01) 
100 0.9992 29.71 (±0.05) 4.04 (±0.02) -0.576 (±0.03) -0.229 (±0.01) 
SNP22
**
 
20 0.9991 31.45 (±0.01) 2.83 (±0.01) 0.993 (±0.01) 0.441 (±0.01) 
40 0.9997 30.80 (±0.04) 2.29 (±0.01) 0.021 (±0.03) 0.178 (±0.02) 
60 0.9999 31.00 (±0.01) 2.69 (±0.01) 0.479 (±0.01) 0.296 (±0.01) 
80 0.9996 29.23 (±0.04) 2.82 (±0.01) -0.499 (±0.03) -0.140 (±0.01) 
Na
+ 
SNP7
** 
40 0.9982 11.32 (±0.12) 1.34 (±0.04) -0.582 (±0.18) -0.337 (±0.09) 
60 0.9980 10.79 (±0.04) 1.31 (±0.03) -0.869 (±0.09) -0.265 (±0.02) 
80 0.9985 11.82 (±0.63) 1.24 (±0.08) 0.859 (±1.5) 0.752 (±0.78) 
SNP12
* 
20 0.9995 15.65 (±0.03) 2.69 (±0.01) -0.254 (±0.02) -0.242 (±0.01) 
40 0.9994 15.98 (±0.02) 2.26 (±0.01) -0.140 (±0.01) -0.151 (±0.01) 
60 0.9993 15.15 (±0.01) 2.35 (±0.01) -1.132 (±0.01) -0.407 (±0.01) 
80 0.9997 15.67 (±0.01) 2.18 (±0.01) -0.907 (±0.02) -0.415 (±0.01) 
100 0.9994 17.72 (±0.00) 1.99 (±0.01) 0.800 (±0.01) 1.068 (±0.01) 
120 0.9981 17.66 (±0.01) 2.74 (±0.00) 0.690 (±0.01) 0.438 (±0.01) 
SNP12
**
 
40 0.9995 17.09 (±0.03) 1.40 (±0.01) 0.607 (±0.04) 0.209 (±0.01) 
60 0.9995 16.80 (±0.01) 1.17 (±0.01) 0.960 (±0.02) 0.450 (±0.01) 
80 0.9985 16.90 (±0.02) 1.28 (±0.01) 0.675(±0.06) 0.227 (±0.01) 
100 0.9996 16.86 (±0.01) 0.96 (±0.01) 0.486 (±0.02) 0.220 (±0.01) 
SNP22
*
 
20 0.9993 31.22 (±0.03) 3.35 (±0.01) 0.762 (±0.03) 0.640 (±0.02) 
40 0.9996 30.55 (±0.02) 4.28 (±0.01) -0.799 (±0.01) -0.291 (±0.01) 
60 0.9995 29.47 (±0.01) 3.91 (±0.01) -1.056 (±0.01) -0.365 (±0.01) 
80 0.9987 28.80 (±0.01) 4.85 (±0.01) -1.423 (±0.01) -0.475 (±0.01) 
100 0.9959 30.98 (±0.22) 4.78 (±0.01) -0.156 (±0.09) -0.096 (±0.06) 
SNP22
**
 
20 0.9991 31.96 (±0.02) 3.07 (±0.01) 0.864 (±0.02) 0.388 (±0.01) 
40 0.9987 32.13 (±0.01) 3.00 (±0.01) 1.086 (±0.01) 0.410 (±0.01) 
60 0.9996 31.45 (±0.01) 2.88 (±0.01) 1.446 (±0.01) 0.765 (±0.01) 
80 0.9988 31.25 (±0.01) 2.78 (±0.01) 0.871 (±0.01) 0.467 (±0.01) 
100 0.9991 29.41 (±0.01) 3.15 (±0.01) -0.911 (±0.18) -0.266 (±0.01) 
K
+ 
SNP12
*
 
20 0.9989 16.44 (±0.02) 2.30 (±0.01) -0.314 (±0.02) 0.229 (±0.01) 
40 0.9978 16.67 (±0.01) 2.04 (±0.01) -0.577 (±0.01) 0.429 (±0.01) 
SNP22
*
 
20 0.9991 32.11 (±0.02) 3.02(±0.01) 0.948 (±0.02) 0.704 (±0.01) 
40 0.9987 30.62 (±0.01) 2.86 (±0.01) 0.006 (±0.01) 0.466 (±0.01) 
60 0.9977 30.80 (±0.01) 3.38 (±0.01) 0.023 (±0.01) 0.818 (±0.01) 
R = correlation coefficient, standard errors in brackets 
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Table 6: Parameters characterizing the obtained size distribution functions obtained from moment analysis. 
counterion SNP ( )c cation / 
(mmol L
-1
) 
1
/nm 
 /nm 
3  4  
Li
+
 
SNP7
** 
40 11.23 1.18 -0.119 0.027 
60 10.88 1.28 -0.290 -0.176 
Mean value  1.23 (±0.05)  
SNP12
* 
40 16.45 1.69 -0.358 -0.007 
60 15.83 1.80 -0.371 -0.026 
80 16.09 1.91 -0.108 -0.002 
100 16.06 2.05 0.292 0.965 
120 15.63 2.28 -0.071 0.163 
Mean value  1.94 (±0.20)   
SNP22
* 
20 29.87 3.20 0.044 0.111 
40 31.28 3.37 0.385 -0.306 
60 29.83 3.37 -0.498 0.068 
80 29.49 3.55 -0.286 -0.044 
100 29.97 3.80 -0.180 -0.160 
Mean value  3.46 (±0.20)   
SNP22
**
 
20 30.32 2.95 0.318 0.655 
40 30.32 2.39 -0.103 0.074 
60 30.18 2.82 0.065 0.246 
80 29.28 2.75 -0.302 -0.027 
Mean value  2.73 (±0.21)   
Na
+ 
SNP7
** 
40 11.57 1.14 0.334 -1.461 
60 10.93 1.23 -0.517 0.101 
80 11.06 1.31 -0.029 0.284 
Mean value  1.22 (±0.07)   
SNP12
* 
20 15.79 2.41 0.439 -0.977 
40 15.94 2.15 0.197 -0.372 
60 15.69 1.98 -0.437 -0.186 
80 16.22 1.76 0.156 -0.516 
100 16.19 2.07 -0.297 -0.327 
120 16.32 2.92 0.063 0.326 
Mean value  2.21 (±0.37)   
SNP22
*
 
20 29.41 3.54 -0.016 0.249 
40 31.01 3.93 -0.288 -0.040 
60 30.27 3.42 -0.478 0.009 
80 30.33 3.85 -0.483 0.101 
100 30.62 4.69 0.014 -0.127 
Mean value  3.89 (±0.46)   
SNP22
**
 
20 30.81 3.20 0.263 0.519 
40 30.99 3.10 0.416 0.727 
60 29.76 2.97 0.346 1.094 
80 30.09 2.92 0.202 0.523 
100 29.79 2.93 -0.572 0.146 
Mean value  3.02 (±0.11)   
K
+ 
SNP12
*
 
20 15.67 2.52 -0.437 -0.191 
40 15.73 2.29 -0.640 -0.658 
 Mean value  2.41 (±0.12)   
SNP22
*
 
20 30.43 3.17 0.061 0.435 
40 29.39 3.09 -0.370 -0.279 
60 28.61 3.66 -0.507 -0.807 
Mean value  3.31 (±0.25)   
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Table 7: Parameters (in nm, if not dimensionless) obtained by different procedures for the size (diameter) 
distribution functions evaluated from TEM measurements (standard errors in brackets) from ref. 
[71]
. 
 
 SNP7 SNP12 SNP22 
Histograma 
Arithmetic mean 11.17 16.28 29.32 
Median 11.10 16.42 29.91 
Maximum 11.5 16.5 30.5 
Standard deviation 1.87 2.30 3.85 
Gauß 
μ1 11.11 (± 0.02) 16.51 (± 0.05) 30.17 (± 0.09) 
σ 1.67 (± 0.03) 2.18 (± 0.06) 3.02 (± 0.10) 
GCSAb 
μ1 11.47 (± 0.18) 15.45 (± 0.16) 29.99 (± 0.17) 
σ 1.67 (± 0.03) 2.42 (± 0.08) 3.00 (± 0.08) 
κ3 0.49 (± 0.25) -0.67 (± 0.15) -0.54 (± 0.11) 
κ4 0.27 (± 0.16) -0.15 (± 0.07) 0.20 (± 0.08) 
Moment analysis 
μ1 11.16 15.77 29.61 
σ 1.91 2.40 3.25 
κ3 0.25 -0.42 -0.57 
κ4 1.68 0.71 0.35 
a bin-width = 0.1 nm. b Gram-Charlier series of type A 
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4.2 Polystyrene Sulfate Latex Nanoparticles  
4.2.1 Taylor dispersion analysis (TDA) 
The mean hydrodynamic radius 
HR  of selected polystyrene sulfate latex NPs (PSSL) was 
determined after dilution of the original sample with borate buffer (5 mmol L
-1
). The prepared 
sample was loaded into CE instrument and pumped at a constant pressure through a fused-
silica capillary. To increase the sensitivity of detection by avoiding the effect of dilution, TDA 
measurements were implemented in the frontal mode. Three wavelengths (214, 254 and 280 
nm) were tested to find the best wavelength for all measurements (see Figure 19). Figure 19 
shows that the signal-to-noise ratio was best at a detection wavelength of 214 nm. Therefore, 
this detection wavelength was selected for subsequent measurements.  
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Figure 19: Recorded eluent traces (absorbance versus time) at wavelength: (a) 214, (b) 254 and (c) 280 nm for 
PSSL20. Experimental conditions: T = 20 
o
C, total length of capillary = 60.8 cm, capillary length to 
the detector 50.4 cm, inner diameter of the fused-silica capillary = 76 μm, electrolyte = 8 mmol L-1 
borax, frontal method, pressure difference = 0.2 psi (13.8 mbar), original PSSL20 suspension against 
5 mmol L
-1
 borax. 
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The linearity range of the detector was examined with a sample containing PSSL20 (see 
Figure 20). Figure 20 shows that the recorded absorbances are within the linearity range of the 
detector. The correlation coefficient for plotting the step height against PSSL concentration 
within the range depicted in Figure 20b, is: 1.00 for PSSL20; 0.9999 for each of PSSL40 and 
PSSL60; and 0.9945 for PSSL80. 
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Figure 20: Investigation of linearity of detection for: (a) PSSL20 and (b) all sizes used in this study of PSSL (the 
height of recorded eluent traces against concentration). Experimental conditions (refer to Figure 19). 
With elution times around 30 min for a capillary with a single detection window no correction 
of variances is not required because the effects of ramping up in velocity at this long residence 
times can be neglected (the velocity remains constant during the measurement) 
[51]
. The 
experimental scheme also does not require a correction for the finite length of the injected 
sample zone (as there is no finite sample zone length).  
All absorbance traces (absorbance ( )A f t ) were fitted to the cumulative Gaussian function 
(Eq. 26) by non-linear regression (refer to Appendix B2 and B3). The collective diffusion 
coefficient 
cD  can be determined by using Eq. (27) from the determined parameters 
2
t
 and 
t which are obtained from fitting the concentration profiles to the cumulative Gaussian 
function (Eq. (26)). After that, the hydrodynamic radius 
HR  was calculated from the obtained 
diffusion coefficients by applying the Stokes-Einstein equation (Eq. 29).  
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The resulting hydrodynamic diameters for different mass fraction of PSSL in the sample 
(obtained from TDA measurements in 8 mmol L
-1
 borax) are reported in Figure 21 and Table 
7. Figure 21 shows that the diameter for each size of PSSL is approximately invariant of the 
mass fraction of particles in the sample. The recorded traces, as shown in Appendix B2 and 
B3, do not show a systematic deviation from the cumulative Gaussian function (the fitted 
curve).  
The obtained mean particle diameters are as follows: PSSL20: 24.62 (2.81%) nm; PSSL40: 
46.81 (3.16%) nm; PSSL60: 67.44 (1.82%) nm; and PSSL80: 89.38 (3.05%) nm. RSD in 
brackets represent the repeatability of the method for twelve runs for PSSL20 and PSSL40; 
eleven runs for PSSL60; and nine runs for PSSL80. 
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Figure 21: Calculated hydrodynamic particle diameter with different mass fraction of PSSL in the sample in 8 
mmol L
-1
 borax from TDA measurements using the cumulative Gaussian function. ■ PSSL20; ● 
PSSL40; ▲ PSSL60; and ▼ PSSL80. Each point is the mean of three repeated runs (except for two 
runs with 2x10
-3
 % w/w for PSSL60). 
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Table 7: Results of Taylor dispersion analysis measurements with different mass fraction of PSSL in the sample 
in 8 mmol L
-1
 borax. 
PSSL 
conc. 
(%w/w) 
run 
tH/ 
min 
SE(tH)/ 
min 
σt/ 
min 
SE(σt)/ 
min 
D.10-12/ 
(m² s
-
¹) 
RH/ 
nm 
d/ 
nm 
R2 
PSSL20 
0.002 1 19.306 0.0696 1.046 0.0962 17.679 12.131 24.262 0.99857 
 
2 19.370 0.0447 1.060 0.0617 17.282 12.410 24.820 0.99942 
 
3 19.342 0.0328 1.079 0.0453 16.646 12.884 25.767 0.99969 
0.004 1 19.253 0.0238 1.033 0.0329 18.085 11.859 23.717 0.99983 
 
2 19.261 0.0227 1.046 0.0313 17.642 12.156 24.312 0.99985 
 
3 19.165 0.0176 1.040 0.0244 17.772 12.067 24.135 0.99991 
0.006 1 19.270 0.0293 1.041 0.0405 17.815 12.038 24.077 0.99975 
 
2 19.276 0.0249 1.054 0.0343 17.398 12.327 24.654 0.99982 
 
3 19.317 0.0134 1.082 0.0184 16.540 12.966 25.933 0.99995 
0.008 1 19.316 0.0130 1.067 0.0180 17.025 12.597 25.194 0.99995 
 
2 19.341 0.0240 1.044 0.0332 17.788 12.057 24.113 0.99983 
 
3 19.354 0.0144 1.051 0.0199 17.557 12.215 24.430 0.99994 
 
MW  19.298  1.054 
 
17.436 12.309 24.618 
 
 
SD  0.057  0.016 
 
0.480 0.346 0.692 
 
 
RSD  0.29%  1.47% 
 
2.76% 2.81% 2.81% 
 
PSSL40 
0.002 1 19.534 0.0260 1.460 0.0356 9.186 23.340 46.679 0.99986 
 
2 19.402 0.0184 1.458 0.0252 9.151 23.429 46.858 0.99993 
 
3 19.466 0.0212 1.458 0.0290 9.179 23.365 46.731 0.99991 
0.004 1 19.519 0.0143 1.461 0.0195 9.166 23.396 46.793 0.99996 
 
2 19.552 0.0122 1.452 0.0166 9.299 23.063 46.126 0.99997 
 
3 19.612 0.0138 1.455 0.0189 9.290 23.086 46.171 0.99996 
0.006 1 19.390 0.0135 1.443 0.0185 9.341 22.958 45.916 0.99996 
 
2 19.690 0.0285 1.504 0.0390 8.734 24.555 49.109 0.99984 
 
3 19.492 0.0118 1.418 0.0162 9.719 22.067 44.133 0.99997 
0.008 1 19.549 0.0209 1.486 0.0286 8.880 24.151 48.303 0.99991 
 
2 19.458 0.0163 1.440 0.0223 9.405 22.803 45.606 0.99994 
 
3 19.569 0.0199 1.502 0.0272 8.701 24.648 49.297 0.99992 
 
MW  19.519  1.461 
 
9.171 23.405 46.810 
 
 
SD  0.085  0.025 
 
0.288 0.739 1.478 
 
 
RSD  0.44%  1.70% 
 
3.14% 3.16% 3.16% 
 
PSSL60 
0.002 1 19.786 0.0770 1.942 0.1043 5.262 -------- -------- 0.99911 
 
2 19.604 0.0484 1.762 0.0658 6.332 33.863 67.727 0.99961 
 
3 19.615 0.0367 1.778 0.0499 6.225 34.450 68.901 0.99978 
0.004 1 19.452 0.0282 1.753 0.0384 6.345 33.803 67.605 0.99987 
 
2 19.365 0.0209 1.721 0.0285 6.559 32.699 65.399 0.99993 
 
3 19.449 0.0168 1.720 0.0229 6.594 32.524 65.049 0.99995 
0.006 1 20.556 0.0160 1.808 0.0217 6.309 33.992 67.984 0.99996 
 
2 19.511 0.0232 1.756 0.0315 6.348 33.784 67.568 0.99991 
 
3 19.611 0.0207 1.774 0.0281 6.250 34.316 68.632 0.99993 
0.008 1 19.691 0.0207 1.758 0.0282 6.387 33.575 67.151 0.99993 
 
2 19.579 0.0206 1.771 0.0280 6.260 34.258 68.517 0.99993 
 
3 19.452 0.0178 1.749 0.0242 6.377 33.628 67.256 0.99995 
 
MW  19.639  1.774 
 
6.271 33.718 67.435 
 
 
SD  0.312  0.058 
 
0.337 0.615 1.230 
 
 
RSD  1.59%  3.26% 
 
5.37% 1.82% 1.82% 
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PSSL80 
0.002 1 19.669 0.0959 2.252 0.1292 3.890 55.113 -------- 0.99885 
 
2 19.622 0.0534 2.065 0.0722 4.612 46.485 -------- 0.9996 
 
3 19.653 0.0581 2.147 0.0785 4.274 50.179 -------- 0.99955 
0.004 1 19.615 0.0354 2.051 0.0479 4.677 45.855 91.711 0.99982 
 
2 19.662 0.0463 2.054 0.0626 4.674 45.887 91.773 0.9997 
 
3 19.616 0.0306 2.019 0.0414 4.826 44.437 88.875 0.99987 
0.006 1 19.467 0.0229 1.996 0.0310 4.902 43.750 87.501 0.99992 
 
2 19.542 0.0351 2.045 0.0475 4.685 45.777 91.554 0.99983 
 
3 19.490 0.0320 1.999 0.0434 4.889 43.868 87.735 0.99985 
0.008 1 19.544 0.0208 1.977 0.0282 5.013 42.782 85.564 0.99994 
 
2 19.498 0.0182 1.986 0.0247 4.956 43.277 86.555 0.99995 
 
3 19.427 0.0399 2.057 0.0540 4.603 46.589 93.177 0.99978 
 
MW  19.567  2.054 
 
4.667 44.691 89.383 
 
 
SD  0.083  0.078 
 
0.316 1.362 2.724 
 
 
RSD  0.42%  3.77% 
 
6.77% 3.05% 3.05% 
 MW = arithmetic mean; SD = standard deviation; RSD = relative standard deviation; R = correlation 
coefficient; SE = standard error resulting from regression analysis, RH = hydrodynamic radius. 
Furthermore, the influence of the ionic strength of the borax buffer solution on the resulting 
hydrodynamic diameter was studied for PSSL20 and PSSL40. The results are given in Figure 
22 and Table 8. The calculated hydrodynamic diameter was found to be (within experimental 
error) independent of the ionic strength in the range I = 4 – 20 mmol L-1. 
The experimental results show at a given PSSL size that in the ionic strength range I = 4 – 20 
mmol L
-1
, the diffusion coefficient is independent of the ionic strength and there is no 
dependence on the PSSL concentration in the concentration range 0.002 – 0.008 % (w/w) 
(refer to Tables 7 and 8). It is noticed that there is a small difference in the mean size value for 
PSSL20 and PSSL40 as shown in Tables 7 and 8 reflecting the precision of the method 
[84]
. 
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Figure 22: Calculated hydrodynamic diameters for PSSL20 and PSSL40 as a function of the ionic strength of 
borax buffer solution from TDA measurements using the cumulative Gaussian function. Each 
experimental point is the mean of three replicates. 
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Table 8: Results obtained from Taylor dispersion analysis measurements for PSSL20 and PSSL40 in buffers of 
different ionic strength. 
PSSL 
I/ 
(mmol L
-1
) 
run 
tH/ 
min 
SE(tH)/ 
min 
σt/ 
min 
SE(σt)/ 
min 
D/(10
-12 
m² s
-1
) 
RH/ 
nm 
d/ 
nm 
R
2
 
PSSL20 
4 1 19.138 0.01954 1.076 0.02697 16.566 12.946 25.891 0.99989 
 
2 19.141 0.01787 1.037 0.02469 17.839 12.022 24.044 0.99991 
  3 19.061 0.01768 1.060 0.02441 17.021 12.600 25.200 0.99991 
8 1 19.205 0.01739 1.049 0.02402 17.490 12.262 24.525 0.99991 
 
2 19.134 0.0171 1.051 0.02363 17.386 12.335 24.671 0.99991 
  3 19.238 0.01675 1.061 0.02313 17.131 12.519 25.038 0.99992 
12 1 19.085 0.01572 1.040 0.02172 17.682 12.129 24.258 0.99993 
 
2 19.009 0.01576 1.047 0.02178 17.377 12.342 24.683 0.99993 
  3 19.035 0.01739 1.051 0.02403 17.274 12.416 24.831 0.99991 
16 1 19.165 0.01497 1.067 0.02066 16.878 12.707 25.414 0.99994 
 
2 19.152 0.01675 1.058 0.02314 17.152 12.504 25.008 0.99992 
  3 19.228 0.01781 1.069 0.02459 16.858 12.722 25.443 0.99991 
20 1 19.232 0.01421 1.072 0.01961 16.767 12.791 25.582 0.99994 
 
2 19.247 0.0128 1.067 0.01767 16.968 12.639 25.278 0.99995 
  3 18.550 0.01386 1.072 0.01915 16.177 13.257 26.514 0.99995 
  MW 
 
19.108  1.059 
 
17.104 12.546 25.092 
 
  SD 
 
0.172  0.012 
 
0.432 0.319 0.639 
 
  RSD   0.90%   1.15%   2.52% 2.55% 2.55%   
PSSL40 
4 1 19.073 0.99993 1.436 0.02434 9.275 23.124 46.248 0.01776 
 
2 18.987 0.99995 1.435 0.02137 9.241 23.208 46.415 0.01559 
  3 19.012 0.99988 1.427 0.03246 9.367 22.896 45.792 0.02368 
8 1 19.076 0.99995 1.431 0.02072 9.348 22.943 45.886 0.01511 
 
2 19.233 0.99996 1.441 0.0186 9.288 23.091 46.182 0.01358 
  3 19.090 0.99996 1.438 0.01943 9.252 23.179 46.358 0.01417 
12 1 19.083 0.99994 1.429 0.02267 9.367 22.896 45.792 0.01654 
 
2 19.033 0.99992 1.431 0.02661 9.319 23.014 46.028 0.01941 
  3 19.121 0.99994 1.440 0.02367 9.248 23.191 46.383 0.01727 
16 1 19.211 0.99997 1.434 0.01761 9.365 22.901 45.801 0.01285 
 
2 19.205 0.99994 1.463 0.02426 9.003 23.821 47.643 0.01771 
  3 19.329 0.99995 1.445 0.02125 9.286 23.096 46.192 0.01551 
20 1 19.252 0.99986 1.489 0.03626 8.705 24.635 49.271 0.02649 
 
2 19.266 0.99996 1.427 0.01943 9.487 22.607 45.214 0.01418 
  3 19.296 0.99996 1.426 0.01824 9.520 22.526 45.053 0.01331 
  MW 
 
19.151  1.439 
 
9.271 23.142 46.284 
 
  SD 
 
0.110  0.017 
 
0.196 0.508 1.015 
 
  RSD   0.58%   1.15%   2.11% 2.19% 2.19%   
MW = arithmetic mean; SD = standard deviation; RSD = relative standard deviation; R = correlation 
coefficient; SE = standard error resulting from regression analysis, RH = hydrodynamic radius. 
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4.2.2 Capillary electrophoresis 
4.2.2.1 Electrophoretic mobilities 
As a first step, runs were recorded for PSSL40 at varied detection wavelength (214, 254 and 
280 nm) and fixed electrolyte composition (5 mmol L
-1
 borax). Experimental results show that 
the electropherogram recorded at the wavelength of 214 nm has an improved signal-to-noise 
ratio with respect to those recorded at a wavelength of 254 nm or 280 nm. Thus, the 
wavelength of 214 nm was selected for all subsequent capillary electrophoresis 
measurements. In addition, the injection conditions were varied taking PSSL40 with 5 mmol 
L
-1
 borax as an example. Figure 23 shows the overlay of recorded electropherograms which 
reveals that the resulting peak shape is asymmetric which can be related to the phenomenon of 
electromigration dispersion (also called overloading) 
[52]
. It is a consequence of differences in 
the electric conductivities in the zone of the sample and in the running buffer. There is a shift 
in the migration time of PSSL40. These measurements confirm the presence of induced local 
electric field inhomogeneities. To reduce the capillary overloading and to obtain a good peak 
height, the concentration of PSSL was decreased and the injection time was selected to be at 6 
s within the subsequent measurements. 
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Figure 23: Overlay of electropherograms obtained for PSSL40 with varied injection parameters. The absorbance 
recorded in the detection volume is plotted against the migration time. Experimental conditions: T= 
20°C, sample concentration = 8 x10
-3
 (w/w %) background electrolyte = 5 mmol L
-1
 borax, total 
length of capillary = 60.7 cm, capillary length to detector = 50.5 cm, inner diameter of fused silica 
capillary = 76 m, separation voltage 14 kV, sample injection 0.1 psi (6.89 mbar), data rate 16 Hz, 
absorbance detection at 214 nm. 
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The electrophoretic mobilities of PSSL were determined experimentally from the parameters 
that are given in Eq. 16. Typical electropherograms for different sizes of PSSL particles are 
shown in Figure 24 (see Appendix B4). The repeatability of the data was confirmed by 
repeated injections. The precision of the electroosmotic mobility determined for three runs 
had a relative standard deviation of (< 0.17%) for the runs with PSSL20; (< 0.13%) for the 
runs with PSSL40; (< 1.08%) for the runs with PSSL60, and (0.05-0.18%) for the runs with 
PSSL80, which confirms the conclusion drawn from the electropherograms that adsorption of 
PSSL particles on the wall of capillary can be excluded (refer to Appendix B5). Good 
repeatability is also observed for the migration times of the NPs. The relative standard 
deviation for three consecutive runs is < 0.17% for PSSL20; < 0.75% for PSSL40; < 0.40% 
for PSSL60 and< 0.73% for PSSL80 (refer to Appendix B5). 
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Figure 24: Superimposed electropherograms obtained in consecutive runs for different sizes of PSSL particles 
with 15 mmol L
-1
 borax; to= thiourea as a neutral marker. Experimental conditions: T= 20°C, total 
length of capillary = 60.7 cm, capillary length to detector = 50.5 cm, inner diameter of fused silica 
capillary = 76 m, separation voltage 14 kV, sample injection 0.1 psi (6.89 mbar) 6 s, data rate 16 
Hz, absorbance detection at 214 nm. 
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 Three different counterion cations (Li
+
, Na
+
, and guanidinium (Gdm
+
)) are used to investigate 
the influence of the type of the cations on the electrophoretic mobility of PSSL20 and PSSL40 
at 20 
o
C with different ionic strength (I = 40-120 mmol L
-1
). The electropherograms of these 
measurements are represented in Figure 25. The experimental data are shown in Appendix B6. 
The reproducibility of measurements is proved by repeated injections. This reproducibility of 
PSSL20 and PSSL40 relates to the precision of measurements via the calculation of RSD 
from four repeated runs. RSDs of the electroosmotic mobility (for PSSL20 and PSSL40) with 
different cations in the ionic strength ranges (I = 40-120 mmol L
-1
) are: (< 0.67%) with Li
+
; (< 
1.24%) with Na
+
; and (< 3.17%) with Gdm
+
; respectively. The RSD of the electrophoretic 
mobility for both PSSL20 and PSSL40 with different cations in the ionic strength ranges (I = 
40-120 mmol L
-1
) are: (< 3.79%) with Li
+
; (< 2.49) with Na
+
; (< 4.06%) with Gdm
+
; 
respectively. Asymmetric peaks due to overloading of recorded electropherograms, 
inhomogeneities of the electric field and adsorption of particles onto the capillary wall are 
observed (see Figure 25). Within experimental error, the migration times for the neutral 
marker (t0) and for both PSSL size are increasing with increase in the ionic strength as 
expected. In some of the measurements, an irregular behavior was observed. 
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Figure 25: Superimposed electropherograms obtained for PSSL20 and PSSL40 with different ionic strength (I = 
40-120 mmol L
-1
) of different counterion cation: (1) Li
+
, (2) Na
+
, and (3) Gdm
+
; to= thiourea as a 
neutral marker. Experimental conditions: T = 20°C, total length of capillary = 39.5 cm, capillary 
length to detector = 29.1 cm, inner diameter of the capillary = 76 m, separation voltage 7 kV, 
sample injection 0.1 psi (6.89 mbar) 6 s, data rate 16 Hz, absorbance detection at 214 nm. 
The electrophoretic mobility values were obtained by taking the average of three 
measurements in the ionic strength ranges 10-50 mmol L
-1
 and four measurements in the ionic 
strength ranges 40-120 mmol L
-1
. A summary of the experimental results of the 
electrophoretic mobility data in borax buffer dependent of the concentration of the buffer is 
presented in Appendix B5. In Appendix B6 a summary of the experimental results of the 
electrophoretic mobility data in different counterion cations with different ionic strength is 
displayed. The results indicate a decrease in the absolute electrophoretic mobility of the PSSL 
with increase the ionic strength as expected.  
Figure 26 depicts the electrophoretic mobility for various sizes of PSSL as a function of the 
ionic strength for Na
+
 cation as counterion. Figure 27 depicts the electrophoretic mobility for 
PSSL20 and PSSL40 as a function of the ionic strength for different counterion cations. 
Theoretically, it is expected that increasing the ionic strength will result in a continuous 
decrease in the absolute value of the electrophoretic mobility due to a reduction of the 
electrokinetic potential. The electrolyte concentration is increased; the absolute 
electrophoretic mobility is decreased. Figure 26 shows that the absolute electrophoretic 
mobility increases with size and follows the series: PSSL20 < PSSL40 < PSSL60 < PSSL80. 
Furthermore, the absolute values of the electrophoretic mobility at a given ionic strength 
decrease as follows: Li
+
 > Na
+
 > Gdm
+
 (refer to Figure 27). This trend in the electrophoretic 
mobility reflects the expected direct Hofmeister series as shown in the investigation of Oncsik 
et al. 
[32]
 for negatively charged polystyrene sulfate latex particles in the presence of various 
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monovalent electrolytes by electrophoresis and time-resolved light scattering. They concluded 
that the affinity of the different monovalent cations to adsorb on the PSSL surface follows the 
direct Hofmeister series so that the poorly hydrated cation adsorbs the most on the PSSL 
surface than the more hydrated cation which adsorbs weakly on the particle surface. Thus they 
observed a decrease in the electrophoretic mobility according to the sequence: N(CH3)4
+
 < 
NH4
+
 < Cs
+
 < K
+
 < Na
+
 < Li
+
. This trend of the influence of these counterions on the 
electrophoretic mobility was observed also with SNPs (refer to Section 4.1.1 and ref. [83]). It 
was found to be strongly dependent on the type of counterion. 
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Figure 26: The electrophoretic mobility (T = 20°C) in Na
+
 cation for different PSSL populations as a function of 
the ionic strength. Experimental conditions see Figure 24. 
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Figure 27: The electrophoretic mobility (T = 20°C) in different counterion cations for: (a) PSSL20, and (b) 
PSSL40 as a function of the ionic strength. Experimental conditions refer to Figure 29. 
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4.2.2.2 Evaluation of zeta potential ζ 
Calculation of the zeta potential from the measured electrophoretic mobility is done by using 
the modified procedure proposed by Pyell et al. 
[21]
 based on an analytic approximation 
introduced by Ohshima 
[19]
 (refer to Eq. 20). The dimensionless ionic drag coefficients for Li
+
 
(m+ = 0.330), for Na
+
 (m+ = 0.245), and for Gdm
+
 (m+ = 0.248) are obtained from the limiting 
equivalent conductivities of these ions at 20 
o
C (  
  = 34.94 S cm
2
 mol
-1 
for Li
+
; 45.36 S cm
2
 
mol
-1 
for Na
+
; and 46.55 for S cm
2
 mol
-1 
for Gdm
+
; refer to Eq. 19). Figure 28 represents the 
electrophoretic mobilities for different size of PSSL with varied ionic strength for Na
+
 as 
counterion. Figure 29 represents the electrophoretic mobilities for PSSL20 and PSSL40 with 
varied ionic strength for different counterions. Figures 28 and 29 illustrate the dependence of 
electrophoretic mobilities of PSSL on the reduced sphere radius a  and ζ. The ζ potential 
decreases with increasing the ionic strength of the counterion. At all ionic strengths for 
various counterion cations, the radius (a ) of PSSL is considered to be constant. Also, the 
PSSL carry on their surface a constant surface charge density as reported by certificates of 
analysis supported by molecular probes company as following: 3.3 µC/cm
2
 for PSSL20, 0.6 
µC/cm
2
 for PSSL40, 1.7 µC/cm
2
 for PSSL60, and 1.2 µC/cm
2
 for PSSL80. However, at low 
borax concentration (see Figure 28), the ζ potential of PSSL20 (ζ >100 mV) cannot be 
estimated, because Eq. 20 is only valid if ζ ≤ 100 mV. 
 
Figure 28: The electrophoretic mobilities for PSSL particles as a function of reduced sphere radius a  and 
varied ζ with superimposed experimental data for different particle sizes and varied ionic strength of 
borax buffer. (■) PSSL20; (●) PSSL40; (×) PSSL60 and (▲) PSSL80. 
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Figure 29: The electrophoretic mobilities for PSSL20 and PSSL40 with varied ionic strength of different 
counterion cations: (a) Li
+
, (b) Na
+
 and Gdm
+
 as a function of reduced sphere radius a  and varied 
ζ with superimposed experimental data. 
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If ζ is higher than a threshold value, the mobility begins to drop with increasing ζ, giving rise 
to a maximum in the mobility. This maximum is due to the retardation effect, which increases 
as ζ increases. This increase overcompensates the increase in the electrical force on the 
particle. 
In Figure 30 the calculated zeta potentials are plotted against the normalized decadic 
logarithm of the concentration with correlation coefficients: 0.9701 for PSSL20; 0.9555 for 
PSSL40; 0.9933 for PSSL60; and 0.9953 for PSSL80. These results show that PSSL60 and 
PSSL80 give a better correlation than PSSL40.   
Figure 31 shows the decrease of ζ for PSSL20 and PSSL40 as a function of the ionic strength 
with different counterions. In general, absolute ζ potentials decrease with an increase in the 
ionic strength due to the compression of the diffuse layer (increase in the specific capacitance 
of the diffuse part of the electric double layer). As expected, the ζ potential is dependent on 
the size of PSSL as shown in Figure 30. The colloidal stability of PSSL is decreasing with 
decreasing |ζ| (refer to Table 11). Furthermore, the data depicted in Figures 30 and 31 are the 
results of the iterative procedure based on a Matlab script described in ref. [21]. The resulting 
values are listed in Tables 10 and 11 (refer to Appendix B5 and B6). 
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Figure 30: Plotting of  against log[conc/(mmol L-1)] with borax buffer. 
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Figure 31: The zeta potential for: (a) PSSL20; and (b) PSSL40 as a function of the ionic strength for different 
counterions at 20 
o
C. 
 
Table 10: Illustration of the iterative procedure employed for the determination of |ζ| via the modified analytic 
approximation for PSSLs with varied borax concentration at 20
o
C. 
borax conc. 
(mmol L
-1
) 
κa 
|μmeasured|/ 
(x10
-8 
m
2
 s
-1
 V
-1
) 
|μcalculated|/ 
(x10
-8 
m
2
 s
-1
 V
-1
) 
|ζcalculated|/ 
mV 
PSSL 
15 6.99610 3.22931 
3.22915 
3.22933 
3.22951 
73.81 
73.82 
73.83 
PSSL20 20 8.07840 3.21236 
3.21217 
3.21242 
3.21266 
68.88 
68.89 
68.90 
25 9.03193 3.11533 
3.11489 
3.11530 
3.11561 
63.02 
63.03 
63.04 
5 7.68035 3.36032 
3.36021 
3.36035 
3.36050 
78.17 
78.18 
78.19 
PSSL40 10 10.86166 3.26448 
3.26423 
3.26455 
3.26488 
64.24 
64.25 
64.26 
15 13.30276 3.23358 
3.23321 
3.23360 
3.23399 
60.02 
60.03 
60.04 
40 60 80 100 120
-55
-50
-45
-40
-35
-30
-25
-20
-15
-10
 Li
+
 Na
+
 Gdm
+
I/(mmol L
-1
)

/m
V
(b)
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20 15.36071 3.22753 
3.22731 
3.22774 
3.22817 
57.95 
57.96 
57.97 
25 17.17379 3.12712 
3.12664 
3.12711 
3.12757 
54.45 
54.46 
54.47 
5 11.06457 3.74794 
3.74786 
3.74800 
3.74814 
84.08 
84.09 
84.10 
PSSL60 
10 15.64766 3.68557 
3.68506 
3.68540 
3.68575 
69.48 
69.49 
69.50 
15 19.16439 3.59987 
3.59933 
3.59975 
3.60017 
63.79 
63.80 
63.81 
20 22.12913 3.45485 
3.45444 
3.45491 
3.45539 
58.83 
58.84 
58.85 
25 24.74112 3.27274 
3.27243 
3.27294 
3.27346 
54.15 
54.16 
54.17 
5 14.66536 3.88628 
3.88615 
3.88641 
3.88667 
77.81 
77.82 
77.83 
PSSL80 
10 20.73995 3.77239 
3.77186 
3.77228 
3.77270 
66.75 
66.76 
66.77 
15 25.40115 3.64190 
3.64141 
3.64189 
3.64237 
61.30 
61.31 
61.32 
20 29.33072 3.46754 
3.46685 
3.46738 
3.46790 
56.55 
56.56 
56.57 
25 32.79274 3.24804 
3.24736 
3.24792 
3.24848 
51.76 
51.77 
51.78 
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Table 11: Illustration of the iterative procedure employed for the determination of |ζ| via the modified analytic 
approximation for PSSL20 and PSSL40 with varied counterion at 20
o
C. 
counterion PSSL c(cation) 
/(mM) 
a 
|μmeasured|/ 
(x10
-8
 m
2
.s
-1
.V) 
|μcalculated|/ 
(x10
-8
 m
2
.s
-1
.V) 
|ζcalculated|/ 
/mV 
Li
+ 
PSSL20 
40 8.06833 2.78838 
2.78817 
2.78850 
2.78883 
56.29 
56.30 
56.31 
60 9.87819 2.42103 
2.42038 
2.42082 
2.42126 
44.63 
44.64 
44.65 
80 11.43998 2.36900 
2.36872 
2.36920 
2.36967 
42.34 
42.35 
42.36 
100 12.76774 1.81113 
1.81043 
1.81098 
1.81152 
30.79 
30.80 
30.81 
120 13.96708 1.95588 
1.95539 
1.95593 
1.95647 
33.06 
33.07 
33.08 
PSSL40 
40 15.34157 2.82669 
2.82602 
2.82648 
2.82694 
49.67 
49.68 
49.69 
60 18.78293 2.71923 
2.71859 
2.71910 
2.71961 
45.84 
45.85 
45.86 
80 21.75259 2.24487 
2.24457 
2.24514 
2.24571 
36.30 
36.31 
36.32 
100 24.27727 1.58760 
1.58724 
1.58786 
1.58847 
24.91 
24.92 
24.93 
120 26.55776 1.80249 
1.80207 
1.80268 
1.80330 
28.19 
28.20 
28.21 
Na
+
 PSSL20 
40 8.06127 2.87445 
2.87398 
2.87432 
2.87467 
57.52 
57.53 
57.54 
60 9.67612 2.43249 
2.43190 
2.43236 
2.43281 
44.59 
44.60 
44.61 
80 11.40336 1.77136 
1.77109 
1.77163 
1.77218 
30.43 
30.44 
30.45 
100 12.75435 1.47227 
1.47187 
1.47244 
1.47301 
24.65 
24.66 
24.67 
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PSSL40 
40 15.32814 2.89291 
2.89241 
2.89288 
2.89336 
50.54 
50.55 
50.56 
60 18.39869 2.12586 
2.12503 
2.12560 
2.12616 
34.76 
34.77 
34.78 
80 21.68296 1.95873 
1.95802 
1.95861 
1.95921 
31.28 
31.29 
31.30 
100 24.25181 1.55188 
1.55120 
1.55182 
1.55244 
24.29 
24.30 
24.31 
Gdm
+
 
PSSL20 
40 8.07922 1.84799 
1.84772 
1.84821 
1.84871 
33.55 
33.56 
33.57 
60 9.91470 1.63441 
1.63373 
1.63427 
1.63481 
28.47 
28.48 
28.49 
80 11.29549 0.83042 
0.83008 
0.83067 
0.83126 
13.90 
13.91 
13.92 
100 12.60353 0.98125 
0.98058 
0.98117 
0.98176 
16.25 
16.26 
16.27 
PSSL40 
40 15.36227 1.65479 
1.65446 
1.65504 
1.65561 
27.23 
27.24 
27.25 
60 18.85235 1.22341 
1.22251 
1.22312 
1.22374 
19.48 
19.49 
19.50 
80 21.47787 0.82800 
0.82708 
0.82771 
0.82834 
12.95 
12.96 
12.97 
100 23.96503 0.97510 
0.97428 
0.97492 
0.97556 
15.14 
15.15 
15.16 
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4.2.2.3 Electrokinetic surface charge densities of PSSL 
Under the assumption that the nanoparticles are ideal rigid spheres having a uniform 
distribution of charge on the shear surface, the electrokinetic surface charge density σζ of a 
charged colloidal particle can be calculated numerically from its ζ potential by using the 
approximate formula derived by Ohshima et al. 
[24]
 (see Eq. 24). In Figure 32, the 
electrokinetic charge densities  are plotted against the ionic strength. The absolute 
electrokinetic surface charge density   can be assumed to be invariant of the ionic strength 
within the range of 10–50 mmol L-1, although of there is a small increase in   for each 
series of PSSL in this range with increasing ionic strength as expected theoretically. Figure 33 
shows that  can be regarded to be a constant although there is a random variation in their 
values in the ionic strength range of 40-120 mmol L
-1
 obtained with borate buffers containing 
either Li
+
, Na
+
 or Gdm
+
 as counterion. Variation might be attributed to the experimental error 
due to an inexact determination of the migration time of the nanoparticles zone (refer to Table 
11).  
Differences in the electrokinetic charge density can be explained to be due to differences in 
the size of the hydrated cation and the hydration state of the particle surface as was observed 
with electrokinetic data measurements for dilute aqueous dispersions of amorphous silica 
nanoparticles of various size with different counterions including Li
+
, Na
+
, K
+
 and Gdm
+
 
[83]
. 
These results constitute a direct confirmation of Hofmeister effects. The colloidal stability of 
negatively charged colloidal nanoparticles will decrease in the order Li
+
 > Na
+
 > Gdm
+
, at 
fixed ionic strength. These results follow the same trend with regard to the dependency of the 
electrokinetic charge density on the type of the counterion as that found with amorphous silica 
nanoparticles of various size with different counterions 
[83]
. It is, also, expected that the effect 
of the particle size on the surface charge density can be neglected, regardless of the pH and 
the ionic strength because the range of the ratio of electrical double layer thickness to the 
particle diameter of /D pd < 0.2 was reached as reported by Barisik et al. 
[80]
. 
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Figure 32: The electrokinetic surface charge densities plotted against the ionic strength (borax buffer) at 20 
o
C 
according to the formula derived by Ohshima (Eq. 15). 
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Figure 33: The electrokinetic surface charge densities for: (a) PSSL20; and (b) PSSL40 as a function of the ionic 
strength with Li
+
, Na
+
 and Gdm
+
 as a counterion at 20 
o
C according to the formula derived by 
Ohshima (Eq. 15). 
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4.2.3 Calculation of size distribution functions 
With TEM or TDA as a second independent method to determine the mean particle radius,   
an exact determination of the electrokinetic potential ζ by measuring the electrophoretic 
mobility in an electrolyte of known composition was taken by Pyell 
[81]
 and Pyell et al. 
[82]
     
to convert electropherograms obtained from SNPs and coated gold nanopaeticles directly   
into size distribution functions. The same approach was applied to calculate the size 
distribution of PSSL of various size according to the procedure described in detail by Pyell 
and co-authors 
[71]
. Figure 34 shows the cumulative superposition of three runs resulting in a 
significant improvement of the signal-to-noise ratio. This is the first step to convert 
electropherograms directly into size distribution functions. Then the recorded 
electropherograms are converted into a distribution of the intensity-weighted electrophoretic 
mobility as a second step as shown in Figure 35.  
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Figure 34: Electropherograms obtained from the superposition of consecutive runs for PSSL with different size 
with varied borax concentration: (e) and (g) 10 mmol L
-1
; (a), (c) and (h) 15 mmol L
-1
; (f) 20 mmol 
L
-1
; (b) and (d) 25 mmol L
-1
, respectively; to= thiourea as a neutral marker. For experimental 
conditions refer to Figure 24. 
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Figure 35: Intensity-weighted distribution of the electrophoretic mobility resulting from the cumulative 
superposition of different runs (Figure 34) obtained for PSSL20 with 15 mmol L
-1
 borax. For 
experimental conditions refer to Figure 24. 
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The third step is converting the mobility trace of the converted electropherograms (x axis in 
Figure 35) into a size distribution via the regression function a = f(µ) or a = f(µ) with a 
fixed . The regression function was obtained by using Eq. 20 which relates the 
electrophoretic mobility to the reduced radius a  at a fixed value for ζ. The data points of this 
regression function were calculated in a range which is expected for the particle size 
distribution by varying the sphere radius a  at fixed  and ζ. The resulting data points of this 
regression functions are given in Appendix B7. The fourth step is fitting the trace to Gram-
Charlier series A function (see Eq.(30)) after baseline subtraction to obtain the regression 
parameters listed in Table 12.  
 
Table 12: Calculated parameters obtained via Gram-Charlier series A function for PSSL at 20 
o
C. 
PSSL 
c(borax)/ 
mmol L
-1
 
R μ1/nm σ/nm k3 k4 
PSSL20 15 0.99800 23.61(±0.011) 3.269(±0.007) -0.531 0.228 
25 0.99264 23.40(±0.040) 4.138(±0.020) -0.445 0.056 
PSSL40 15 0.99176 47.84(±0.163) 5.941(±0.013) 0.372 0.382 
25 0.99018 48.39(±0.058) 7.750(±0.024) 0.819 0.429 
PSSL60 10 0.99825 70.11(±0.024) 6.208(±0.010) 0.916 0.443 
20 0.99716 68.52(±0.068) 5.901(±0.006) 0.346 0.282 
PSSL80 10 0.99946 91.55(±0.026) 10.275(±0.009) 0.482 -0.025 
15 0.99446 88.95(±0.026) 6.347(±0.014) -0.422 0.500 
R = correlation coefficient, standard errors in brackets 
 
As a fifth step, new data points were calculated with a step length of 0.01 nm by using Gram-
Charlier series A function and the regression parameters listed in Table 12. In the next step, 
the data points of the probability density function were weighted with the correction factor 
dmax/d, dmax = d at the maximum. The type of detection used will underestimate the fraction 
of smaller particles and overestimate the fraction of larger particles. Therefore, the apparent 
absorbance value of each data point of the initially calculated intensity-weighted size 
distribution was multiplied with a correction factor. Finally, moment analysis was used to 
calculate the parameters μ1, σ, k3, k4 listed in Table 13.  
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Under the selected measurement conditions within the ionic strength range (I = 20-50 mmol 
L
-1
), estimation of ζ potential (approximately  60 mV (see Table 13)) from high 
electrophoretic mobility values (refer to Appendix 5) and corresponding calibration functions 
are resulting in very large errors with considerable uncertainty. Small deviations in the 
calculated slope of the calibration line will result in significant errors in the width of the 
determined size distribution function. In according to the certificates of analysis provided by 
Molecular Probes, the calculation of the spread of PSSLs from the mean diameter and the 
coefficient of variation (refer to Appendix B1), is obtained: 3.8 nm for PSSL20, 6.2 nm for 
PSSL40, 5.0 nm for PSSL60, and 6.6 nm for PSSL80 (see Table 13). These data agree very 
well with those depicted in Table 13 for σ within expected experimental errors. Apparently 
that the developed procedure introduced by Pyell et al. 
[82]
 to calculate the particle size 
distribution functions has given values could be a reliable as displayed in Table 13. It should 
be reminded that the absence of electromigration dispersion due to the field strength 
inhomogeneities and the colloidal stability of the dispersed particles under the measurement 
conditions are required to estimate the size distribution from converted electropherograms 
[71]
. 
 
Table 13: Parameters characterizing the obtained size distribution functions obtained from moment analysis for 
PSSL at 20 
o
C and mean diameter obtained from each of TEM and TDA. 
PSSL 
c(borax)/ 
mmol L
-1
 
|| 
mV 
σ/ 
nm 
k3 k4 
μ1/ 
nm 
dTEM/ 
nm 
dTDA/ 
nm 
σTEM/ 
nm 
PSSL20 15 73.82 3.618 -0.571 -0.337 22.50 
21 24.62 3.8 
25 63.03 4.507 -0.458 -0.040 22.32 
PSSL40 15 60.03 6.352 -0.093 0.102 45.40 
41 46.81 6.2 
25 54.46 8.183 0.151 0.461 44.64 
PSSL60 10 84.09 6.489 0.258 0.570 67.63 
63 67.44 5.0 
20 58.84 6.191 -0.031 0.111 66.78 
PSSL80 10 77.82 9.941 0.607 -0.127 90.65 
80 89.38 6.6 
15 61.31 6.896 -0.655 -0.685 86.28 
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4.3 Cobalt oxyhydroxide nanoparticles 
4.3.1 Preliminary investigations 
Cobalt oxyhydroxide nanoparticles (CoOOH-NPs) have a positive charge on their surface. 
Preliminary investigations for CoOOH-NPs were made with borax buffer (pH 9.2) to prepare 
a dispersed solution, which did not result in a successful peptization of the precipitate. 
Therefore, the solubility of CoOOH-NPs was tested with an aqueous solution of HCl at low 
pH. The preliminary investigations regarding the behavior of CoOOH-NPs indicate that 
peptization is only possible at low pH.  
Figure 36 illustrates the decrease in the colour intensity for a 10 mmol L
-1
 HCl solution. 
Firstly the brownish turbid solution of CoOOH-NPs was homogenized by shaking the original 
stock solution. This colour corresponds to the dark brown of CoOOH-NPs, which passes 
within 10 minutes into a clear brown solution. With the time, in the CoOOH-NPs solution 
appears a slow discoloration to yellow and then to colorless. Within this process, the solution 
remains clear. There is neither visible precipitation nor turbidity.  
 
 
Figure 36: The decrease in colour intensity of CoOOH-NPs in 10 mmol L
-1
 HCl electrolyte at pH 2.0 and room 
temperature. 
At pH 4.0, the CoOOH-NPs dispersion shows a fast aggregation of the nanoparticles followed 
by a precipitation of the aggregates. This behavior of aggregation and precipitation was 
observed for different HCl concentrations (e.g. 1.0, 3.0 and 5.0 mmol L
-1
). Based on these 
observations, in subsequent experiments dispersion of the CoOOH-NPs was made in an 
aqueous solution of a monoprotic acid at a molar concentration of 10 mmol L
-1
 at pH 2.0 and 
at a temperature of 25 
o
C following monoprotic acids were used in further studies: HCl, 
HNO3, and methanesulfonic acid (MSA). These acids are strong acids that differ in the 
complex formation properties of the formed anion. Studies with different monoprotic acids 
aim act quantifying the impact of surface complexation on the dissolution process. 
After 4:30 h Next day After 6 days 
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In Figure 37, the pH of the solution (determined with a pH combination electrode) is plotted 
as a function of the time (at a fixed concentration of CoOOH-NPs) for different starting 
concentrations of HCl. As expected the pH increases as the concentration of HCl solution 
decreases. This increase in pH can be attributed to a decrease in the concentration of H   ions 
in the aqueous solution due to the dissolution of the CoOOH-NPs. The Co
3+
 ion is a powerful 
oxidizing agent since it liberates oxygen from water and is reduced to Co
2+
 
[85]
. 
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Figure 37: Measurements of pH for CoOOH-NPs in different HCl concentrations as a function of time at room 
temperature. 
 
4.3.2 UV-Visible spectroscopy 
UV/Vis spectroscopy was used to study the spontaneous dissolution of the CoOOH-NPs 
under the conditions selected. The experimental results depicted in Figure 38 confirm a 
monotonous decrease in the absorbance (at fixed wavelength) observed for the dispersion of 
CoOOH-NPs when plotting the absorbance against the time. The results were fitted to a 
mono-exponential decay function. During the dissolution process, the peak due to the 
CoOOH-NPs will decrease and broaden with the time observed as decrease in colour intensity 
of the solution. Maximum wavelengths of CoOOH-NPs with Cl⎻, NO3⎻ and CH3SO3⎻ are: 358 
(0.50%) nm; 360 (0.87%) nm and 362 (0.57%) nm, respectively. RSD represented in brackets. 
Hence, the absorbance spectrum can be regarded to be independent of the type of anion. 
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Figure 38: UV-Vis absorbance spectra of dispersions of CoOOH-NPs in 10 mmol L
-1
 (a) HCl; (c) HNO3; and (e) 
MSA at a starting pH of 2.0 and a temperature of 25 
o
C (no temperature control overnight). The 
second column depicts the fitting functions obtained for dispersions of CoOOH-NPs in 10 mmol L
-1
 
(b) HCl; (d) HNO3; and (f) MSA. Fitting of absorbance at band maximum against time. 
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For all anions, the maximum wavelength decreases slightly with time. Comparison of the 
results obtained for chloride, nitrate or CH3SO3⎻ as counterion shows that the type of anion 
only has a marginal influence on the dissolution process, as the recorded lines are very 
similar. In addition, there is a good agreement between the experimental data and the fitting 
line of a mono-exponential decay function. There is a better agreement in the case of NO3⎻ 
(Figure 38c+d) than in the cases of Cl⎻ or CH3SO3⎻
 
(Figure 38a+b and e+f). The change in the 
absorbance at the band maximum over time was also monitored when using different mass 
fractions of CoOOH-NPs as shown in Figure 39. The observations indicate that the decrease 
in the absorbance follows the same trend.   
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Figure 39: Decrease of UV-Vis absorbance at the band maximum with time in different mass fraction of 
CoOOH-NPs dispersion in 10 mmol L
-1
 HNO3 at pH 2.0 and ambient temperature. 
Reaction rate constants for each of Cl⎻, NO3⎻ and CH3SO3⎻ anions are obtained directly from 
the recorded spectra. Data treatment assumes a consecutive or sequential reaction 
[86]
. A two-
step mechanism where an intermediate from the first step is consumed in the second step. 
Both steps are assumed are modeled as pseudo first-order reaction with negligible reverse 
reaction rate. Because H2O is present in large excess, the equation of the pseudo first-order 
reaction for the dissolution of CoOOH-NPs can be: 
 
1 2
( )
3 2
2 ( ) 2 2  3 H    + 2 O   1/4  +  3 / 2 aq
k k
aqCoOOH Co H Co O H H O
         
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where 
1k is the rate constant for the first step and 2k is the rate constant for the second step. 
The second step is assumed to be slower than the first step. However, spectroscopically only 
the first step is monitored. 
The differential rate laws are: 
[ ]
  [ ]
d A
k A
dt
   
where the square brackets denote molar concentrations, A in brackets is the concentration of 
reactant A , k is the reaction rate constant ( 1k for first step and 2k for second step) and t is 
time. The negative sign indicates that the concentration reduced over time ( A is consumed). 
Accordingly, the decrease in the absorbance E due to the dissolution of CoOOH-NPs with 
time (
dE
dt
 ) can be related to the decrease in the concentration over time (  .  [ ]E const A  ). 
Therefore, the differential rate law can be written: 
1  
dE
k E
dt
   
After rearrangement and integration, this equation is converted to: 
 
1
0
ln  
t
E
k t
E
 
   
 
            OR             
 
0
1ln  
t
E
k t
E
 
  
 
 
 
where 
 tE is the absorbance at time t and 0E is the absorbance at time 0 . Plotting  0ln( / )tE E  
with respect to time gives a straight line as shown in Figure 40 with the slope of the line equal 
to ( k ) in unit s-1 or min-1. Another form of the previous equation follows an exponential law: 
 
1
0  
k t
t
E E e
   
Furthermore, Figure 40 illustrates the assumption of a pseudo first-order reaction to get the 
values of the reaction rate constant for the first step ( 1k  ) from the slope by fitting the 
experimental data using linear regression. Values of the reaction rate constant for CoOOH-
NPs: 2.13 x10
-3
 min
-1
 for Cl⎻; 9.34 x10
-4
 min
-1
 for NO3⎻ and 1.80 x10
-3
 min
-1
 for CH3SO3⎻. 
According to the rate constants calculated for the dispersed CoOOH-NPs following “order of 
stability” can be deduced: NO3⎻ > CH3SO3⎻ > Cl⎻. 
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Figure 40: Reaction rate constants obtained from plot 
 0ln( / )tE E versus time t from UV-Vis spectroscopy 
measurements assumed as pseudo first-order reaction for: (a) HCl; (b) HNO3; and (c) MSA. 
Experimental conditions (refer to Figure 38). 
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In the dissolution of CoOOH-NPs at pH 2.0 with different acids can be assumed that the acid 
anion primarily reacts with the surface O-H groups followed by a proton attack yielding 
surface protonation. The “neutralization” of the surface O-H groups with protons of the 
solution will destabilize the crystal lattice, which results in the detachment of the Co
3+
 cation 
that enters (primarily as the hexaquocobalt(III) complex) into the solution 
[87]
. Typically, Co
3+
 
complexes are octahedral complexes (d
6
 electron configuration), which makes them 
kinetically inert towards ligand exchange. This means that the ligand is not labile and the 
ligand exchange reaction takes significantly longer time than that of labile complexes ( 1/2 1t 
min.; 1/2t  = half-life of the reaction) at 25 
o
C 
[88]
. The values of 1/2t of pseudo first-order 
reaction for CoOOH-NPs in different anions acid are: 325 min for Cl⎻; 742 min for NO3⎻; and 
385 min for CH3SO3⎻. The t1/2 values are calculated via 1/2 (ln 2) /t k ( k is the rate constant 
of the pseudo first-order reaction).  
The influence of the anion of the acid affecting the dissolution process of CoOOH-NPs can be 
attributed to their complexing ability influencing the CoOOH-NPs surface 
[89]
. For example, 
the Cl⎺ ions have a higher complexing ability to form complexes than the NO3⎺ ions to form 
cobalt–comlpexes [89]. Therefore, the dissolution rate increases in the presence of HCl 
compared to that in the presence of HNO3. 
As mentioned above Co
3+
 in aqueous solution containing no complexing agent is very instable 
and Co
3+
 reduces to Co
2+
 producing O2. To prove this, the sample of CoOOH-NPs was 
dissolved in 10 mmol L
-1
 HCl. The dispersion solution has been left several days until it had 
been become completely colorless or nearly colorless, due to the dissolution process. After 
that, this solution was tested with a few drops of a saturated solution of sodium thiocyanate in 
acetone. The results are documented in Figure 41a. A green to blue colouration appears owing 
to the formation of tetrathiocyanatocobaltate (II) according to: 
 
2
2 2
( ) ( ) 4 ( )
  4    aq aq aq
Co SCN Co SCN

        
Also, the sample of CoOOH-NPs, after dissolving in 10 mmol L
-1
 HCl, tested with 0.1 M 
NaOH. The results are depicted in Figure 41b. With the increased the amount of NaOH, an 
insoluble precipitate was formed. This is attributed due to the peptized CoOOH-NPs solution 
reprecipitated with increasing pH 
[90]
: 
  )peptized precipitatedCoOOH CoOOH  
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Figure 41c shows a formation of insoluble cobalt hydroxide precipitates by removing 
hydrogen ions from acidic CoOOH-NPs solution via reacting with ammonia solution: 
 
2
2  2   ( )aqCo OH Co OH
    
Figure 41 consists of three parts (a, b and c). Each part includes two pictures, one on the left 
and another on the right. The pictures on the left show the solution at the beginning of the 
reaction. The pictures on the right display the result of the reaction. 
 
Figure 41: Experimental testing results of CoOOH-NPs dissolved in 10 mmol L
-1
 HCl (pH 2.0 and at ambient 
temperature) with: (a) saturated solution of sodium thiocyanate in acetone; (b) 0.1 M NaOH; and (c) 
ammonia solution. 
 
4.3.3 Capillary coating 
The inner surface of the untreated fused-silica capillaries possesses a negative charge due to 
the presence of dissociated silanol groups at its surface. These groups are immobilized on the 
surface as a polyanion, having an ionization constant pKa   between 2 and 9 
[91]
. Positively 
charged solutes or particles can be adsorbed via electrostatic forces. Adsorption of the NPs 
onto the capillary wall will produce band-broadening, asymmetry and non-reproducible 
migration times. CoOOH-NPs dispersed by peptization in acidic solution have a positive 
charge surface. Therefore, strategies must be developed with the aim to eliminate their 
adsorption onto the inner wall and minimize interactions with the wall. These strategies are 
focused on changing the sign of the surface charge density of the inner capillary wall. To this 
end, different strategies have been employed for the coating of capillaries by either a static or 
a dynamic method of attachment of the coating onto the capillary wall surface. Static coatings 
can be either covalently anchored or statically adsorbed onto the silica surface, which 
eliminates the need to add the coating agent into the background electrolyte (BGE), while 
dynamic coatings involve weaker adsorptive interactions of the coating agent (a 
polyelectrolyte, a double-chained detergent or a multivalent ion), which is added to the BGE 
to obtain a constant density of the coating via dynamic equilibrium. 
(a) (b) (c) 
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(A) Static, covalently attached (also denoted: permanent) capillary wall coating typically is 
produced via two steps. In the first step, double bonds covalently fixed to the capillary 
wall are introduced by rinsing the capillary with a bifunctional reagent such as γ-
methacryloxy propyl trimethoxy silane to form a sub-layer 
[92]
. The surface silanol groups 
react with one or two of the methoxysilane groups of the reagent, the other functional 
group (methacrylate group) is used to attach the coating agent to the capillary. In the 
second step, a monomer such as diallyldimethylammonium chloride (DADMAC) is 
polymerized via free radical polymerization incorporating the methacryloxy group of the 
previously immobilized bifunctional reagent into the formed polymeric chain. This 
procedure gives a thin layer of a polymer covalently bound to the capillary wall. Figure 
42 represents the scheme of covalently capillary wall coating. DADMAC is a quaternary 
ammonium compound having two allyl groups as functional groups. The polymer of 
DADMAC (PDADMAC), as shown in Figure 43, has a cyclic pyrrolidinium structure 
unit. Alternating intra-intermolecular chain propagation (cyclopolymerization) is 
obtained by the free radical polymerization with ammonium persulfate (APS) in water. 
The size of the ring structure that can be formed determines whether intermolecular 
polymerization or intramolecular cyclization is the predominant reaction. PDADMAC 
consists exclusively of five-membered rings 
[93]
. 
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Figure 42: Schematic for the polymerization of DADMAC monomer for producing a covalently coated 
capillary. 
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Figure 43: Reaction mechanism for the polymerization of DADMAC to form the five-member pyrrolidinium 
ring system 
[94]
. 
(B) Statically adsorbed capillary wall coating is performed by using one or two highly 
charged high-molecular weight polymers (polyelectrolytes) to obtain coating of the 
capillary wall with a cationic monolayer such as poly(diallyldimethylammonium) chloride 
(PDADMAC) 
[95]
 or with successive multiple ionic polymer layers (SMIL) in which a 
cationic polymer is sandwiched between an anionic polymer and the uncoated negatively 
charged fused-silica capillary 
[96]
. This coating procedure is very simple since it consists of 
rinsing the capillary with the appropriate solution of a polycationic polymer to obtain a 
monolayer coating or alternately first with a solution of a polycationic and then with a 
solution of a polyanionic polymer to obtain a SMIL coating, which adheres strongly to the 
negatively charged capillary. Figure 44 illustrates how capillary coating with a monolayer 
or a SMIL coating is achieved. SMIL can increase to several layers by rinsing the 
capillary successively (and alternately) with solutions containing either a cationic or an 
anionic polymer to make the capillary wall positively or negatively charged. 
(Initiation) 
(Intramolecular propagation) 
(Intermolecular propagation) 
* * 
* * 
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Figure 44: Static coating procedure with polyelectrolytes. (a) Activation of the silanol groups; (b) first layer 
coating; (c) second layer coating (SMIL coating) 
[96]
. 
(C) Dynamic coating was examined with didodecyldimethyl ammonium bromide (DDAB), 
which is a cationic double-chained surfactant that provides a homogeneous cationic 
bilayer coating of the capillary wall preventing adsorption (see Figure 45B). Ideally, the 
geometry of the surfactant molecule should be cylindrical in shape such as DDAB to 
form a homogeneous bilayer 
[97]
. If the surfactant geometry is conical in shape, such as 
with single-chained surfactants (e.g., cetyltrimethylammonium bromide, CTAB), the 
surfactant will form spherical micelles which cannot provide a complete surface coverage 
(see Figure 45A) 
[98]
.  
 
Figure 45: Structures previously depicted for surfactant aggregates at the capillary wall with (A) CTAB or (B) 
DDAB 
[99]
. 
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With this type of coating, the solution of a surfactant is rinsed through the capillary to form a 
noncovalent dynamic wall coating. Between the runs, the capillary can be regenerated to 
maintain a reproducible EOF. The excess of the surfactant is flushed out of the capillary prior 
to the measurement and replaced with the run BGE solution which does not contain the 
surfactant, thereby eliminating unwanted interactions such as ion-pairing between the analyte 
and the surfactant molecule 
[100,68]
. On the other hand, after the run the coating can be 
removed and then regenerated.  
 
4.3.4 Taylor dispersion analysis  
To avoid the adsorption of CoOOH-NPs onto the capillary wall (due to their positive charge) 
different coating procedures were examined, namely covalently attached coating or SMIL 
coating. The experimental results are depicted in Figure 46. This Figure shows the impact of 
the reaction time on the recorded taylorgrams and on the resulting mean hydrodynamic 
diameter (obtained with two different coatings).  
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Figure 46: TDA measurements for CoOOH-NPs dissolved in 10 mmol L
-1
 HCl with coated capillary wall: (a) 
covalently bonded and (b) SMIL. Decrease in the absorbance of CoOOH-NPs with time was 
obtained from TDA measurements by using: (c) covalently coating, and (d) SMIL coating. 
Experimental conditions: fused-silica capillary (76 µm I.D., 363.5 µm O.D.); total length of the 
capillary was 39.5 cm and the length to the detector 29.2 cm; T = 25 
o
 C; frontal method; pressure 
difference = 0.2 psi (13.8 mbar) 6 s; and absorbance detection at 254 nm.  
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The results reveal that there is a measurable initial decrease in the mean size of the CoOOH-
NPs (in accord with the assumed dissolution process) followed after about 70-100 min by a 
significant increase of the determined mean particle size. Also, the recorded taylorgrams 
resulting from using SMIL coating as shown in Figure 46d show a deviation from the typical 
shape. This might be attributed to the interaction between the coating agent and CoOOH-NPs. 
Therefore, subsequent TDA measurements of CoOOH-NPs with Cl⎻, NO3⎻, and CH3SO3⎻ 
anions as counterion were made with the covalent capillary coating. 
The stability of the covalent coating was examined with thiourea as a neutral marker. The 
experimental results are represented in Figure 47. Recorded taylorgrams show a good 
repeatability for five repeated runs (refer to Figure 47a). This repeatability gives an indication 
about the stability of the covalently bonded inner capillary coating. Recorded taylorgrams are 
fitted to the cumulative Gaussian function (Eq. 26) by non-linear regression (Figure 47b). An 
excellent accordance between the recorded taylorgram of thiourea (black line) and the fitting 
line (red line) resulting from the cumulative Gaussian function gives a typical S-like shape 
with a correlation coefficient of 0.99996. 
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Figure 47: Recorded taylorgram of thiourea in 10 mmol L
-1
 HCl: (a) Superimposed taylorgrams obtained in 
consecutive runs; and (b) Taylorgram is fitted to the cumulative Gaussian function. Experimental 
conditions: fused-silica capillary (76 µm I.D., 363.5 µm O.D.); total length of the capillary was 39.5 
cm and the length to the detector 29.2 cm; T = 25 
o
 C; frontal method; pressure difference = 0.1 psi 
(6.89 mbar) 6 s; and absorbance detection at 254 nm. 
The average diameter value of CoOOH-NPs from using the covalent coating is 5.78 ± 0.5 nm, 
while it becomes 7.92 ± 1.5 nm by using SMIL coating in 10 mmol L
-1
 HCl. Those values for 
CoOOH-NPs diameter were obtained by fitting taylorgrams of both covalent and SMIL 
coatings to the cumulative Gaussian function (Eq. 26) by non-linear regression. Difference in 
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the diameter values of CoOOH-NPs obtained from the two types of coating might be 
attributed to the influence of the coating on the viscosity. The mean diffusion coefficient 
values are: 8.56 x10
-11
 m
2
 s
-1
 for covalent bonded coating and 5.99 x10
-11
 m
2
 s
-1
 for SMIL 
coating. It seems that SMIL coatings are very thick because five successive layers of 
alternatively PDADMAC and PSS were deposited on the capillary surface. Figure 48 
illustrates recorded taylorgrams with decreasing absorbance of CoOOH-NPs against time and 
fitting experimental data to a mono-exponential decay function in different acids. For fitting 
data to the mono-exponential decay function, data of absorbance is selected at 8 min. from 
each taylorgram. Recorded taylorgrams of CoOOH-NPs in MSA solution (Figure 48e) are 
shown high values of absorbance compared with those of CoOOH-NPs in both of HCl and 
HNO3 (Figure 48a+c). The deviation can be attributed to the higher initial concentration used 
for CoOOH-NPs sample with MSA in TDA measurements, compared to that used with HCl 
or HNO3 solutions (refer to Figure 48). 
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Figure 48: Absorbance of CoOOH-NPs decreasing with time via TDA measurements in 10 mmol L
-1
 for:  (a) 
HCl, (c) HNO3 and (e) MSA. Experimental data fitted to a mono-exponential decay function 
represented in:  (b) HCl; (d) HNO3; and (f) MSA. Fitting data of absorbance against time was chosen 
at 8 min. Experimental conditions: fused-silica capillary (76 µm I.D., 363.5 µm O.D.), LT = 39.5 cm, 
LD = 29.2 cm, capillary coating with covalent bonded, T = 25 
o
 C, pH = 2 and CoOOH-NPs 
concentrations in three acids are: 0.11 mmol L
-1
 in both HCl and HNO3; and 0.55 mmol L
-1 in MSA.  
There is a good agreement between the experimental data and the fitting lines of a mono-
exponential decay function as shown in Figure 48b, d+f, with the correlation coefficients are: 
0.99272 for Cl⎺; 0.99854 for NO3⎺; and 0.99883 for CH3SO3⎺. From recorded taylorgrams, 
reaction rate constants for each of Cl⎺, NO3⎺ and CH3SO3⎺ anions are calculated directly from 
plotting the absorbance value against time by assuming that the reacting system follows a 
two-step consecutive pseudo first-order reaction. Experimental results are depicted in Figure 
49. Values of the reaction rate constants for CoOOH-NPs are obtained from fitting 
experimental data to an exponential decay function via linear regression. Thereby, these 
values are as the follows: k = 5.37 x10-3 min-1 for Cl⎺; k = 3.77 x10-3 min-1 for NO3⎺ and k = 
8.87 x10
-3
 min
-1
 for CH3SO3⎺. Values of the reaction rate for CoOOH-NPs with these anions 
at 25 
o
C are: 3.5 x10
-5
 mol L
-1
 s
-1
 for Cl⎺; 2.5 x10
-5
 mol L
-1
 s
-1
 for NO3⎺ and 2.9 x10
-4
 mol L
-1
 
s
-1
 for CH3SO3⎺. The same results were observed with UV-Vis measurements. Furthermore, 
the values of the reaction rate in TDA measurements (also in UV-Vis measurements) reveal 
that the dissolution process of CoOOH-NPs was slower in HNO3 solution than that in both of 
HCl and MSA solutions.  
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Figure 49: Reaction rate constants obtained from plotting  0ln(E / )tE  versus time from TDA measurements 
assumed as pseudo first-order reaction for: (a) HCl; (b) HNO3; and (c) MSA.  For experimental 
conditions refer to Figure 48. 
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Further, the influence the type of anion on the measured CoOOH-NPs size is recorded as 
illustrated in Figure 50. The average diameters of CoOOH-NPs with Cl⎻, NO3⎻, and CH3SO3⎻ 
anions are: 5.8 ± 0.5 nm for 28 runs; 5.0 ± 0.6 nm for 17 runs; and 8.0 ± 1.3 nm for 10 runs, 
respectively. The increase in diameter follows the series: CH3SO3⎻ > Cl⎻ > NO3⎻. Results 
reveal that the type of anion impacts on CoOOH-NPs size, and this might not be attributed to 
the hydrated radius of the anion, because the hydrated radius of Cl⎻ (3.32 Å) and NO3⎻ (3.35 
Å) 
[101]
 are quite close and thus not likely to produce much of an effect. Another reason might 
be related to significant mechanism named ‘‘oriented attachment (OA)’’ [102], where 
spontaneous self-organization of adjacent particles occurs so that they share a common 
crystallographic orientation, followed by joining of these particles at a planar interface to form 
larger ones (particle collisions lead to the formation of complexes (i.e., agglomerates), where 
coalescence may take place). This mechanism can give rise to homogeneous single crystals or 
to crystals separated by twin boundaries or other planar defects. This postulation was 
considered because coarsening behavior often cannot be explained by classical Ostwald 
ripening (OR) when the nanoparticles are sufficiently small 
[103]
. Classical Ostwald ripening 
mechanism can be described as a diffusion-limited growth of nanoparticles at the expense of 
smaller ones 
[104]
. Figure 51 illustrates the scheme of nanoparticles growth by either of 
classical Ostwald ripening mechanism (OR) or by the oriented attachment mechanism (OA). 
0 50 100 150 200 250 300 350
0
2
4
6
8
10
12
d
/n
m
t/min
 Cl
-
 NO
-
3
 CH
3
SO
-
3
 
Figure 50: The determined mean diameter of the CoOOH-NPs as a function to of the time in 10 mmol L
-1
 
monoprotic acid with either Cl⎺, NO3⎺ or CH3SO3⎺ as counterion, for experimental conditions refer 
to Figure 48. 
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Figure 51: The mechanism of nanoparticles growth by: (a) Ostwald ripening mechanism (OR); (b) oriented 
attachment mechanism (OA) from 
[105]
. 
 
4.3.5 Capillary electrophoresis 
4.3.5.1 Electrophoretic mobility measurements 
The CoOOH-NPs dispersed in acidic solution of pH 2 carry a positive charge and have the 
tendency to adsorb on the bare silica wall. Thus, modification of the capillary wall either by 
covalent coating (via polymerization of DADMAC) or by dynamic coating (via the double-
chained cationic surfactant DDAB) was considered to reduce adsorption of CoOOH-NPs on 
the wall during the capillary electrophoresis measurements. The stability of the coating was 
indirectly evaluated by monitoring the EOF as a function of time. RSD was 1.74% (n=8); and 
1.58% (n=4) for covalent coating and dynamic coating, respectively. These results indicate 
that both methods provide a suitable stability and repeatability of the velocity of the EOF. 
With 10 mmol L
-1
 HCl as background electrolyte, CoOOH-NPs were measured at varied 
detection wavelength. The electropherograms for CoOOH-NPs recorded at the wavelengths 
214, 254, and 280 nm, respectively, as shown in Figure 52. The recorded electropherograms at 
different wavelengths show that recorded electropherograms at 254 and 280 nm have two 
peaks yielded by CoOOH-NPs and neutral marker, whereas recorded electropherogram at 214 
nm clearly shows an additional peak. This additional zone might be attributed to anionic 
impurities produced from the capillary coating. In both cases, the zone has a lower migration 
time than that of CoOOH-NPs or EOF marker. Therefore, the electropherograms were 
recorded at 254 nm to avoid unwanted recorded co-migration peak and to improve the signal-
to-noise ratio.  
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Figure 52: Comparison of electropherograms obtained for CoOOH-NPs at different wavelength: (a) 214 nm, (b) 
254 nm, and (c) 280 nm. t0 = signal assigned to marker of the electroosmotic flow. Experimental 
conditions: capillary coated with 0.1 mmol L
-1
 DDAB in 10 mmol L
-1
 HCl (pH = 2) , T = 25 
o
C, inner 
diameter of fused silica capillary = 76 μm, total length of capillary = 39.5 cm, capillary length to 
detector = 29.2 cm, background electrolyte = 10 mmol L
-1
 HCl (pH = 2), separation voltage = -10 
kV, sample injection = 0.1 psi (6.89 mbar) 5 s, date rate = 16 Hz, absorbance detection. 
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Additionally, the effect of the injection time on the peak recorded for the CoOOH-NPs was 
investigated. Experimental results are represented in Figure 53, where recorded traces 
obtained are compared under variation of both the injection time and the electric field strength 
by using either covalent or dynamic capillary coatings. This comparison reveals the dramatic 
effect of volume overloading with a negative effect on peak width. The broad distorted peaks, 
also, could be attributed to differing in the conductivity between sample zone and buffer zone. 
These overloading and electrodispersion phenomena frequently cause asymmetric peaks. A 
significant difference in migration time of CoOOH-NPs between the two coating systems was 
observed. The faster migration of CoOOH-NPs in the dynamic coated capillary can likely be 
attributed to the higher absolute values of EOF velocity (6.22 x10
-8
 m
2
 s
-1
 V
-1
 compared with 
4.36 x10
-8
 m
2
 s
-1
 V
-1
 for covalent coating in low electric field; and 7.63 x10
-8
 m
2
 s
-1
 V
-1
 
compared with 4.94 x10
-8
 m
2
 s
-1
 V
-1
 for covalent coating in high electric field).  
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Figure 53: Comparison of electropherograms obtained for CoOOH-NPs with varied injection parameters using: 
(a) covalent coating (via polymerization); and (b) dynamic coating (via cationic surfactant) at 
different electric field strength. Experimental conditions: T = 25 
o
C, inner diameter of fused silica 
capillary = 76 μm, total length of capillary = 39.5 cm, capillary length to detector = 29.2 cm, 
background electrolyte = 10 mmol L
-1
 HNO3 (pH = 2), separation voltage = (1) -10 kV; (2) -15 kV, 
injection pressure: 0.1 psi (6.89 mbar) for b1 and 0.2 psi (13.8 mbar) for a1, a2+b2, date rate = 16 
Hz, absorbance detection at 254 nm. 
In a second series, the effect of the electric field strength E on the peak position (migration 
time, mean electrophoretic mobility), peak height, peak area, and peak shape was investigated. 
Experimental results are presented in Figure 54. The electric field strength ranged between 
177, 253, 380 and 456 V cm
-1
. The peak position shift was found to be corresponding to the 
variation in electric field strength. The electrophoretic mobility values of CoOOH-NPs are 
3.74 x 10
-8
; 3.70 x 10
-8
; 3.64 x 10
-8
 and 3.89 x 10
-8
 m
2
 s
-1
 V
-1
 relative to E = 177, 253, 380 
and 456 V cm
-1
, respectively, which can be considered to be constant within experimental 
error. Values of those parameters are calculated via integration of the recorded 
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electropherograms (see upper plot in Figure 54) by using Origin 8.5 program. Experimental 
data are illustrated in Figure 54. The migration times of CoOOH-NPs decrease with 
increasing the electric field strength as expected. Whereas the observations of both peaks 
dispersion and peaks area of CoOOH-NPs are decreasing with increasing the electric field 
strength. Random variations in some data might be related to adsorption effects of CoOOH-
NPs on the inner capillary wall (induced by the covalently attached coating).  
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Figure 54 Overlay of electropherograms recorded for CoOOH-NPs with varied electric field strength ( E ) 
(upper plot). Parameters (migration time, peak height, peak width (dispersion) and peak area) are 
obtained from using integration tool for recorded electropherograms. Experimental conditions: 
capillary coated with covalently bonded via polymerization, T = 25 
o
C, inner diameter of fused silica 
capillary = 76 μm, total length of capillary = 39.5 cm, capillary length to detector = 29.2 cm, 
background electrolyte = 10 mmol L
-1
 HNO3 (pH = 2), separation voltage varied, sample injection = 
0.2 psi (13.8 mbar) 50 s, date rate = 16 Hz, absorbance detection at 254 nm. 
 
In a third series, the influence of the concentration of the CoOOH-NPs in the sample was 
studied. Recorded electropherograms with varied CoOOH-NPs concentration in the sample 
are shown in Figure 55. From those recorded electropherograms, μep values of CoOOH-NPs 
are calculated based on μeo values of the neutral marker. Results are presented in Figure 56. It 
can be seen that the measured μep values increase with the CoOOH-NPs concentration for both 
types of the capillary coating and that the determined ep values are larger for the capillary 
with covalently attached coating than for the capillary with dynamic coating. In addition, 
differences between μep values are smaller with covalent coating than those with dynamic 
coating. Also, adsorption of CoOOH-NPs on the capillary wall can be of influence. To find 
out this discrepancy in the CoOOH-NPs behavior according to the coating capillary type, 
electric field strength or both, Gram−Charlier A series function (GCAS function - (cf. 
Eq.(30))) was applied to fit recorded electropherograms as shown in Appendix C. This 
function can give information about peak height, peak width (peak dispersion), peak area, 
peak skewness (peak asymmetry) and peak excess (peak flattening). Particularly, the 
information getting from peak height, peak width and peak skewness are helpful, because 
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these quantities demonstrate the influence of coating capillary type, electric field strength, and 
varied CoOOH-NPs concentration in the sample. Data obtained by fitting recorded 
electropherograms to GCAS function are tabulated in Table 14. In general, results reveal that 
peak height, peak width and peak area are increasing with increase in CoOOH-NPs 
concentration in the sample independent of coating capillary type and electric field strength as 
expected.  
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Figure 55: Superposition of electropherograms recorded for CoOOH-NPs with varied particle concentration: 
(a1) covalent coating with E = 253 V cm
-1
 (smoothing via Savitzky-Golay algorithm, 100 points); 
(a2) covalent coating with E = 380 V cm
-1
; (b1) dynamic coating with E = 253 V cm
-1
 and (b2) 
dynamic coating with E = 380 V cm
-1
 (smoothing via Savitzky-Golay algorithm, 50 points). 
Experimental conditions: T = 25 
o
C, I. D. = 76 μm, LT = 39.5 cm, LD = 29.2 cm, background 
electrolyte = 10 mmol L
-1
 HNO3 (pH = 2), injection pressure: 0.1 psi (6.89 mbar) 3 s for b1 and 0.2 
psi (13.8 mbar) 50 s for a1, a2+b2, date rate = 16 Hz, absorbance detection at 254 nm. 
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Figure 56: Apparent electrophoretic mobility as a function of the concentration of CoOOH-NPs in the sample. 
(a1) covalent coating with E = 253 V cm
-1
; (a2) covalent coating with E = 380 V cm
-1
; (b1) dynamic 
coating with E = 253 V cm
-1
 and (b2) dynamic coating with E = 380 V cm
-1
; (refer to Figure 53 for 
experimental condition). 
However, values of peak height are varied in some data, specifically, in covalent bonded 
coating at high CoOOH-NPs concentrations for both electric field strength values used. In 
addition, peak height, peak width and peak area values for covalent bonded coating are larger 
than that for dynamic coating with independent electric field strength values. Further, 
residence time in the detector is directly related to peak width. Therefore, peak width or peak 
dispersion values as shown in Table 14 indicate that the overall residence time of CoOOH-
NPs in dynamic capillary coating is less than that in covalent bonded capillary coating 
because anodic EOF values for dynamic coating are larger than for covalent coating. EOF 
magnitudes for dynamic capillary coating are: – 5.08 x10-8 m2 s-1 V-1 for high electric field 
strength and – 6.22 x10-8 m2 s-1 V-1 for low electric field strength, whereas for covalent 
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capillary coating are: – 4.76 x10-8 m2 s-1 V-1 for high electric field strength and – 4.49 x10-8 m2 
s
-1 
V
-1
 for low electric field strength. The magnitude of EOF for dynamic capillary coating at 
low electric field strength is larger than that at high electric field strength, in contrary with 
covalent bonded coating for both electric field strength values (refer to Figure 55).  
 
Table 14: Parameters are estimated by fitting recorded electropherograms of different CoOOH-NPs 
concentration in the sample to GCAS function for two capillary coating types with electric field 
strength values. 
Type of 
capillary 
coating 
Electric field 
strength/ 
V cm
-1 
CoOOH-NPs 
conc./ 
(x10
-3 
mmol L
-1
) 
R
2 
Peak 
height 
(h) 
Peak 
width 
(w) 
Peak 
area 
(A) 
Peak 
skewness 
(κ3) 
Peak 
excess 
(κ4) 
Covalent 
bonding 
coating 
253 5.44
 
0.9916 22.36 2.39 2.48 0.49 0.18 
10.88 0.9851 24.00 2.40 5.44 0.85 0.36 
16.31 0.9946 25.40 2.86 6.32 0.77 0.31 
21.75 0.9934 26.46 3.24 10.07 0.68 0.39 
27.19 0.9926 24.99 4.22 18.45 - 0.70 - 0.06 
32.63 0.9923 25.91 4.89 24.30 - 0.61 - 0.02 
380 5.44
 
0.9979 15.32 2.51 2.80 0.28 - 0.16 
10.88 0.7967 16.10 2.89 5.19 0.80 - 0.20 
16.31 0.9891 16.69 2.99 7.21 0.91 - 0.17 
21.75 0.9942 16.66 2.99 10.06 0.90 - 0.04 
27.19 0.9949 16.61 3.07 14.66 1.03 0.19 
32.63 0.9947 16.48 2.92 16.03 1.02 0.47 
Dynamic 
coating 
253 27.19  0.9816 6.85 0.28 0.20 0.15 0.10 
54.38 0.9713 6.55 0.43 0.69 - 1.58 - 0.66 
81.58 0.9963 7.04 0.46 1.60 0.50 0.12 
108.77 0.9963 7.21 0.49 1.86 0.33 0.06 
380 5.44
 
0.9934 6.14 0.53 0.28 - 0.24 0.28 
10.88 0.9723 6.40 0.51 0.57 - 0.85 - 0.13 
16.31 0.9700 6.84 0.49 1.00 - 1.12 - 0.19 
21.75 0.9806 7.28 0.49 1.45 - 1.33 - 0.26 
 
 
 
  
 
120 
 
4.3.5.2 Estimation of zeta potential 
The ζ potential of CoOOH-NPs is determined by measuring the electrophoretic mobility via 
using the analytic approximation presented by Ohshima 
[19
,
20]
  modified by Pyell et al. 
[74]
. 
This approach is considered to take the relaxation effect into account with ζ > 25 mV to 
calculate the electrophoretic mobility for a known hydrodynamic radius at fixed ionic 
strength. Also, this approach involves the approximation of the effective ionic drag coefficient 
with the counterion ionic drag coefficient 
[74]
.  
Firstly, the electrophoretic mobilities of CoOOH-NPs are calculated dependent on the reduced 
sphere radius κa and ζ potential (cf. Eq. (20)) taking the ionic drag coefficient calculated from 
the limiting conductance value. Three anions of three different acids (HCl, HNO3 and 
CH3SO3H) at 10 mmol L
-1
, pH 2.0 and 25 
o
C are used in this study. The limiting conductance 
values are: 76.35 S cm
2
 mol
-1
 for Cl⎺, 71.44 S cm
2
 mol
-1
 for HNO3⎺ and 50.00 S cm
2
 mol
-1
 for 
CH3SO3⎺ 
[72,106,107]
. Secondly, the calculated values are compared to the experimental values 
obtained from capillary electrophoresis measurements with identical ionic strength.  
Because the solution has a very low electrolyte concentration (10 mmol L
-1
), the value of  is 
a small value (0.3291 nm
-1
). In spite of that, it is possible to use the modified analytic 
approximation to estimate ζ in this region. Results are represented in Figure 57. Results show 
the influence of the anion as counterion on ζ. An increase in absolute values of ζ follows the 
series: CH3SO3⎺ < Cl⎺ < NO3⎺. It is worth mentioning that values of the hydrodynamic radius 
a used to estimate ζ potential for CoOOH-NPs were obtained from TDA measurements: 2.9 
nm with Cl⎺, 2.5 nm with NO3⎺ and 4.0 nm with CH3SO3⎺ (refer to Section 4.3.4).  
The effect of anion variation on ζ might be attributed to the ion-specific effect related to the 
ability of ions to modify the water structure (Hofmeister series). The order of anions in this 
study is as follows: nitrate > chloride > methanesulfonate 
[108]
. This means that the interaction 
between methanesulfonate and water is stronger than the interaction between nitrate and 
chloride with water. Allen et al. 
[109]
 reported using surface vibrational sum frequency 
spectroscopy (VSFS) that the presence of small amounts of MSA affects the hydrogen 
bonding of water. With small amounts of MSA added to bulk water, the surface water 
molecule vibrational modes shift to lower energy due to enhanced hydrogen bonding between 
surface water molecules. This shift is indicative of stronger coupling between the water 
molecules caused by the presence of MSA. 
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Figure 57: Calculated electrophoretic mobilities µep for CoOOH-NPs with different anions as a counterion for 
varied reduced sphere radius κa and varied ζ with superimposed experimental data obtained by using 
capillary electrophoretic: ■ NO3⎺, ♦ Cl⎺ and ▲ CH3SO3⎺ at fixed κa; ◊ Cl⎺ and ∆ CH3SO3⎺ at fixed κ. 
Capillary coating with dynamic coating and applied electric field strength value is 253 V cm
-1
. 
 Furthermore, CoOOH-NPs concentration in the sample has been varied. Their influence on ζ 
potential is studied in 10 mmol L
-1
 HNO3 with two types of capillary wall coating. As 
mentioned above,  has a small value (< 1) suggesting that Hückel equation can be used in 
this limiting range. Therefore, ζ potentials for CoOOH-NPs are calculated by using both the 
modified analytic approximation (cf. Eq. (20)) and the Hückel equation (cf. Eq. (15)). Results 
are depicted in Figure 58 in which ζ potential is a function of the CoOOH-NPs concentration. 
In general, the comparison between the two approaches shows that ζ values increase for both 
approaches with increasing CoOOH-NPs concentration in the sample independent of the 
capillary wall coating type and of the electric field strength.  
On the other hand, the covalently attached capillary wall coating gives higher ζ values than 
that with dynamic coating. This might be attributed to adsorption of CoOOH-NPs on the 
capillary wall. In dynamic coating, ζ values at applied high electric field strength are lower 
than that with low electric field strength. Values of ζ potential at different electric field 
strengths are: 79.03, 77.88 and 76.38 mV for 177, 253 and 380 V cm
-1
, respectively. These 
values were estimated by applying the modified analytic approximation. ζ values evaluated 
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via the modified analytic approximation show higher values than those estimated from using 
Hückel equation. The reason behind that is the relaxation effect, which must be accounted 
when a is in the range of 0.1 to 300[110]. To obtain more precise data than those obtainable 
with a graphical procedure, an iterative procedure described in ref. [74] is used. The results 
are given in Table 15. 
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Figure 58: Comparison of the modified analytic approximation (m-Ohshima) and Hückel equation to estimate ζ 
potential as a function of CoOOH-NPs concentration using two types of the capillary coating: (a) 
covalent bonded capillary and (b) dynamic coating at: (1) low electric field strength and (2) high 
electric field strength. 10 mmol L
-1
 HNO3 is used as BGE in CE measurements. 
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Table 15: Illustration of the iterative scheme depending on the values estimated of ζ potential from the values 
calculated of the electrophoretic mobility (µep) of CoOOH-NPs in 10 mmol L
-1
 of different acids type 
(HNO3, HCl and MSA) using two types of capillary coating at high and low electric field strengths 
and the values measured of µep at κa = constant at 25
o
C. (a = 2.5 nm for CoOOH-NPs calculated via 
TDA in HNO3 electrolyte). 
Type 
of 
acid 
Electric field 
strength/ 
V cm
-1 
CoOOH-
NPs conc./ 
mM 
κa μep-measured/ 
 
(10
-8
 m
2 
s
-1 
V
-1
) 
μep-calculated/ 
 
(10
-8
 m
2 
s
-1 
V
-1
) 
ζcalculated/ 
 
mV 
capillary 
coating 
type 
HNO3 
253 
5.44 0.8228 3.5875 
3.5871 
3.5874 
3.5878 
74.90 
74.91 
74.92 
covalent 
bonded 
coating 
10.88 0.8228 3.6422 
3.6420 
3.6423 
3.6427 
76.40 
76.41 
76.42 
16.31 0.8228 3.6915 
3.6913 
3.6916 
3.6920 
77.77 
77.78 
77.79 
21.75 0.8228 3.7500 
3.7495 
3.7499 
3.7502 
79.42 
79.43 
79.44 
27.19 0.8228 3.7636 
3.7631 
3.7635 
3.7638 
79.81 
79.82 
79.83 
32.63 0.8228 3.8013 
3.8010 
3.8014 
3.8017 
80.91 
80.92 
80.93 
380 
5.44 0.8228 3.8904 
3.8900 
3.8903 
3.8907 
83.56 
83.57 
83.58 
10.88 0.8228 3.9057 
3.9054 
3.9058 
3.9061 
84.03 
84.04 
84.05 
16.31 0.8228 3.9283 
3.9279 
3.9282 
3.9285 
84.72 
84.73 
84.74 
21.75 0.8228 3.9451 
3.9447 
3.9450 
3.9453 
85.24 
85.25 
85.26 
27.19 0.8228 3.9498 
3.9495 
3.9498 
3.9501 
85.39 
85.40 
85.41 
32.63 0.8228 3.9557 
3.9552 
3.9556 
3.9559 
85.57 
85.58 
85.59 
253 
27.19 0.8228 3.3488 
3.3486 
3.3490 
3.3494 
68.67 
68.68 
68.69 
dynamic 
coating 
54.38 0.8228 3.3737 
3.3734 
3.3738 
3.3742 
69.30 
69.31 
69.32 
81.58 0.8228 3.4519 
3.4516 
3.4520 
3.4524 
71.31 
71.32 
71.33 
108.77 0.8228 3.5059 
3.5055 
3.5058 
3.5062 
72.72 
72.73 
72.74 
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380 
5.44 0.8228 3.0634 
3.0629 
3.0633 
3.0638 
61.69 
61.70 
61.71 
10.88 0.8228 3.1410 
3.1404 
3.1408 
3.1413 
63.54 
63.55 
63.56 
16.31 0.8228 3.2659 
3.2654 
3.2658 
3.2662 
66.59 
66.60 
66.61 
21.75 0.8228 3.3261 
3.3255 
3.3259 
3.3263 
68.09 
68.10 
68.11 
HCl 
235 
108.77 0.95441
* 
3.3676 
3.3672 
3.3676 
3.3680 
69.53 
69.54 
69.55 
108.77 0.8228 3.3676 
3.3671 
3.3675 
3.3679 
69.05 
69.06 
69.07 
380 
5.44 0.95441
* 
3.3999 
3.3994 
3.3998 
3.4002 
70.38 
70.39 
70.40 
5.44 0.8228 3.3999 
3.3994 
3.3998 
3.4002 
69.87 
69.88 
69.89 
MSA 
253 
108.77 1.2835
* 
3.0777 
3.0775 
3.0779 
3.0782 
63.71 
63.72 
63.73 
108.77 0.8228 3.0777 
3.0772 
3.0776 
3.0780 
62.48 
62.49 
62.50 
380 
5.44 1.2835
* 
2.9698 
2.9695 
2.9699 
2.9703 
60.81 
60.82 
60.83 
5.44 0.8228 2.9698 
2.9696 
2.9700 
2.9705 
59.89 
59.90 
59.91 
*
 κa is calculated from TDA for CoOOH-NPs separately in HCl (a = 2.9 nm) and MSA (a = 4.0 nm) electrolytes. 
 
4.3.5.3 Electrokinetic surface charge density of CoOOH-NPs 
The relation between electrokinetic surface charge density (  ) and ζ potential gives access to 
calculate  by using the formula derived by Ohshima et al.
[24]
 (cf. Eq. (24)) assuming ideal 
rigid spheres with a uniform distribution of charge on the shear surface. Eq. (24) is producing 
significant errors when 0.5a  . However, these errors can be neglected when evaluated 
for CoOOH-NPs because 0.5a   (refer to Table 15).  for CoOOH-NPs is calculated from 
ζ values estimated via both the modified analytic approximation and the Hückel equation 
depending on experimentally ep .  
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Results of  as a function of the CoOOH-NPs concentration are represented in Figure 59. 
Results show that  is invariant with CoOOH-NPs concentration, regardless of the electric 
field strength and the capillary coating type. This conclusion is considered depending on the 
value of the ratio of electrical double layer thickness to the particle diameter (D/dp), which is 
0.165. This value is less than 0.2, thus the surface charge density is expected to be 
independent of the particle size according to Barisik et al. 
[80]
. The determined  is larger with 
covalent bonding coating than with that of dynamic coating. In addition, the measured  is 
larger in the high applied electric field than that in the low applied electric field. Applying the 
Hückel equation introduces a significant error. 
 
Figure 59: Electrokinetic surface charge densities (σζ) as a function of CoOOH-NPs concentration at pH 2.0 and 
25 
o
C in 10 mmol L
-1
 HNO3, depending on ζ values evaluated from modified analytic approximation 
(symbols with lines) and from Hückel equation (symbols without lines) at high (closed symbols) and 
low (opened symbols) of electric field strength for each of covalent bonded (triangle shape) and 
dynamic coating (cycle shapes). 
 
Moreover, for CoOOH-NPs,  is calculated with different anions as counterion by using ζ 
values estimated via the modified analytic approximation depending on experimentally ep . 
 as a function of CoOOH-NPs diameter is illustrated in Figure 60. Figure 60 shows the 
influence of the type of anion as counterion on σζ for CoOOH-NPs for a fixed particle size 
and for a varied particle size.  decreases as follows: NO3
⎺ > Cl⎺ > CH3SO3⎺, regardless of 
the particle size.  
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Figure 60: Effect of an anion of acids type as a counterion on electrokinetic surface charge densities (σζ) of 
CoOOH-NPs at pH 2 and 25 
o
C with 10 mmol L
-1
 of: ● NO3⎺, ■ Cl⎺ and ▲ CH3SO3⎺ at fixed κa (a = 
2.5 nm for NO3⎺ from TDA measurements); □ Cl⎺ and ∆ CH3SO3⎺ at fixed κ (a = 2.9 and 4 nm for 
Cl⎺ and CH3SO3⎺, respectively, from TDA measurements). Capillary coating with dynamic coating 
and applied electric field strength value is 253 V cm
-1
. 
 
4.3.5.4 Size distribution of CoOOH-NPs 
As described before, it is investigated whether electropherograms can be directly converted 
into size distribution functions by using the approach was suggested by Pyell 
[81]
 and Pyell et 
al. 
[82]
. This method depends on an exact determination of the electrokinetic potential ζ by 
measuring the electrophoretic mobility in an electrolyte of known composition complemented 
with a second independent method to determine the mean particle radius like TEM or TDA. 
The steps of how to convert the electropherograms to the size distribution function can be 
summarized as follows 
[71]
: 
1. The cumulative superposition of experimental runs to improvement of the signal-to-noise 
ratio is not possible in the case of CoOOH-NPs. Therefore, one run not the cumulative 
superposition runs was taken to convert an electropherogram into a size distribution 
function. The recorded electropherogram is depicted in Figure 61a. 
2. The recorded electropherogram is converted into the intensity-weighted electrophoretic 
mobility distribution trace (refer to Figure 61b). 
3. The data points of the regression function are calculated in a range which is expected for 
the particle size distribution by varying the sphere radius a at fixed  and ζ. Results are 
presented in Figure 61c. The regression function relates the electrophoretic mobility to the 
reduced radius a at fixed value for ζ. 
4. The regression function is converted into a = f(µ) or a = f(µ) with a fixed  . The mobility 
of the converted electropherogram is converted into a size coordinate using constants (see 
Figure 61d).  
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5. The resulting trace is fitted to the Gram-Charlier series A function (cf. Eq. (30)) after 
baseline subtraction (refer to Figure 61e). 
6. New data points are created with a step length of 0.01 nm by using the GCAS function 
(refer to Figure 61f) with the obtained regression parameters (Figure 61e). 
7. Moment analysis is used to calculate the parameters μ1, σ, 3, 4. Values of these 
parameters are: 5.32 nm, 5.90 nm, 0.1482 and 0.2114, respectively. 
The value calculated from the moment analysis for σ is excessively large. The reason might 
be adsorption of CoOOH-NPs on the inner wall of the capillary. Adsorption might result in 
higher electrophoretic mobility values, which influence the estimation of ζ and the 
corresponding calibration functions. This can produce considerable uncertainty with 
significant errors in the width of the determined size distribution function. In addition, 
CoOOH-NPs have a small mean domain size (3.7-4.5 nm) and their electrophoretic mobility 
was determined in a low ionic strength electrolyte (10 mmol L
-1
). Hence, a value is very 
small ( 1a ), so that the proposed method of converting electropherograms into size 
distribution functions might be inappropriate with this very low reduced radius. Possibly 
electrolytes with higher ionic strength have to be used so that a can be increased. It must be 
also seen that CoOOH-NPs are nanocrystalline, whereas SNPs and PSSLs are noncrystalline 
(amorphous). Hence, with COOH-NPs neither the prerequisite of a constant ζ independent of 
particle size nor the prerequisite of a uniform surface charge density 0 with smeared out 
surface charge will be approximated. Further studies have to be conducted to investigate 
whether the proposed procedure is principally applicable to nanocrystalline materials.   
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Figure 61: Steps of directly converting an electropherogram into a size distribution functions by using the 
approach introduced by Pyell 
[81]
 and Pyell et al. 
[82]
: (a) recorded electropherogram of CoOOH-NPs; 
(b) intensity-weighted distribution of the electrophoretic mobility μ; (c) regression line resulting 
from using Eq. (20); (d) size coordinate via rearranging the regression function; (e) the resultant 
lines from fitting to Gram−Charlier series of type A; and (f) new data points calculated with a step 
length of 0.01 nm by using Gram−Charlier series of type A. Experimental conditions: T = 25 oC, 
inner diameter of fused silica capillary = 76 μm, total length of capillary = 39.5 cm, capillary length 
to detector = 29.2 cm, capillary coating with dynamic coating, background electrolyte = 10 mmol L
-1
 
HNO3 (pH = 2), separation voltage = -10 kV, injection pressure: 0.1 psi (6.89 mbar), date rate = 16 
Hz, absorbance detection at 254 nm. 
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Appendix A1 
Superimposed electropherograms obtained in consecutive runs for SNP12 and SNP22 with different 
concentrations of different counterions at the wavelength of 214 nm. Experimental conditions: T= 25°C, total 
length of capillary = 39.5 cm, capillary length to detector = 29.2 cm, inner diameter of fused silica capillary = 76 
m, separation voltage 7 kV, sample injection 0.1 psi (6.89 mbar) 6 s, data rate 16 Hz, absorbance detection.
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Appendix A2 
Superimposed electropherograms obtained in consecutive runs for: SNP7, SNP12 and SNP22 with a 20 mmol L
-1
 
of different monovalent counterions at the wavelength of 200 nm. Experimental conditions: T= 25°C, total length 
of capillary = 39.5 cm, capillary length to detector = 29.2 cm, inner diameter of fused silica capillary = 76 m, 
separation voltage 7 kV, sample injection 0.1 psi (6.89 mbar) 6 s, data rate 16 Hz, absorbance detection. 
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Appendix A3 
Superimposed electropherograms obtained in consecutive runs for: (1) SNP7 (w= 0.4%, w/w in mixture), (2) 
SNP12 (w= 0.9%, w/w in mixture) and (3) SNP22 (w= 1.7%, w/w in mixture) with a separation electrolyte of 
different counterions at the wavelength of 200 nm. Experimental conditions: T= 25°C, total length of capillary = 
39.5 cm, capillary length to detector = 29.2 cm, inner diameter of fused silica capillary = 76 m, separation 
voltage 7 kV, sample injection 0.1 psi (6.89 mbar) 6 s, data rate 16 Hz, absorbance detection. 
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Appendix A4 
 
Table 1: Measured electrophoretic mobilities μ and calculated ζ potentials for SNP7 nm with a concentration of 
Li-cation counterion (20, 40, 60, 80, 100 or 120 mmol L
-1
) (2
nd
 series), the following experimental 
conditions: T= 25°C, total length of capillary = 39.5 cm, capillary length to detector = 29.2 cm, inner 
diameter of fused silica capillary = 76 m, separation voltage 7 kV, sample injection 0.1 psi (6.89 
mbar) 6 s, data rate 16 Hz, absorbance detection. 
 
c(Li
+
)/(mmol L
-1
)
 
Run µeo/(mm
2
 kV
-1
 s
-1
) µep/(mm
2
 kV
-1
 s
-1
) ζ/mV 
20 
1 69.014 -32.989  
2 69.763 -32.943  
3 69.930 -32.923  
4 69.985 -32.948  
5 70.134 -32.971  
 MW 69.765 -32.955 -78.21 
 SD 0.440 0.026  
 RSD 0.631% 0.078%  
40 
1 58.716 -30.906  
2 58.768 -30.900  
3 58.768 -30.906  
4 58.703 -30.852  
5 58.742 -30.862  
 MW 58.739 -30.885 -66.63 
 SD 0.030 0.026  
 RSD 0.051% 0.084%  
60 
1 52.225 -29.963  
2 52.277 -29.977  
3 52.184 -29.931  
4 52.215 -29.934  
5 52.163 -29.882  
 MW 52.213 -29.937 -61.03 
 SD 0.044 0.037  
 RSD 0.083% 0.122%  
80 
1 47.812 -29.034  
2 47.743 -29.029  
3 47.656 -29.049  
4 47.622 -29.087  
5 47.485 -29.012  
 MW 47.663 -29.042 -56.56 
 SD 0.125 0.028  
 RSD 0.261% 0.097%  
100 
1 44.413 -28.159  
2 44.368 -28.094  
3 44.293 -28.175  
4 44.346 -28.264  
 MW 44.355 -28.173 -52.90 
 SD 0.050 0.070  
 RSD 0.112% 0.249%  
120 
1 41.478 -27.479  
2 41.530 -27.494  
3 41.556 -27.554  
4 41.570 -27.625  
5 41.517 -27.568  
 MW 41.530 -27.544 -50.53 
 SD 0.036 0.059  
 RSD 0.086% 0.215%  
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Table 2: Measured electrophoretic mobilities μ and calculated ζ potentials for SNP12 nm with a concentration of 
Li-cation counterion (20, 40, 60, 80, 100 or 120 mmol L
-1
) (2
nd
 series), the following experimental 
conditions: T= 25°C, total length of capillary = 39.5 cm, capillary length to detector = 29.2 cm, inner 
diameter of fused silica capillary = 76 m, separation voltage 7 kV, sample injection 0.1 psi (6.89 
mbar) 6 s, data rate 16 Hz, absorbance detection. 
 
c(Li
+
)/(mmol L
-1
)
 
Run µeo/(mm
2
 kV
-1
 s
-1
) µep/(mm
2
 kV
-1
 s
-1
) ζ/mV 
20 
1 69.123 -33.176  
2 68.978 -33.109  
3 69.014 -33.082  
4 69.068 -33.131  
5 69.068 -33.141  
 MW 69.050 -33.128 -81.50 
 SD 0.056 0.035  
 RSD 0.081% 0.106  
40 
1 58.664 -32.237  
2 58.768 -32.224  
3 58.768 -32.272  
4 58.703 -32.228  
5 58.742 -32.230  
 MW 58.729 -32.238 -67.73 
 SD 0.045 0.020  
 RSD 0.077% 0.061  
60 
1 52.225 -31.712  
2 52.277 -31.764  
3 52.184 -31.703  
4 52.215 -31.715  
5 52.163 -31.708  
 MW 52.213 -31.720 -61.97 
 SD 0.044 0.025  
 RSD 0.083% 0.078  
80 
1 47.812 -30.925  
2 47.743 -30.903  
3 47.656 -30.928  
4 47.622 -30.932  
5 47.485 -30.937  
 MW 47.663 -30.925 -57.28 
 SD 0.125 0.013  
 RSD 0.261% 0.042  
100 
1 44.413 -30.131  
2 44.368 -30.108  
3 44.293 -30.150  
4 44.346 -30.219  
 MW 44.355 -30.152 -53.75 
 SD 0.050 0.048  
 RSD 0.112% 0.158  
120 
1 41.478 -29.423  
2 41.530 -29.486  
3 41.556 -29.586  
4 41.570 -29.594  
5 41.517 -29.587  
 MW 41.530 -29.535 -51.20 
 SD 0.036 0.077  
 RSD 0.086% 0.260  
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Table 3: Measured electrophoretic mobilities μ and calculated ζ potentials for SNP12 nm with a concentration of 
Li-cation counterion (20, 40, 60, 80, 100 or 120 mmol L
-1
) (1
st
 series), the following experimental 
conditions: T= 25°C, total length of capillary = 39.5 cm, capillary length to detector = 29.2 cm, inner 
diameter of fused silica capillary = 76 m, separation voltage 7 kV, sample injection 0.1 psi (6.89 
mbar) 6 s, data rate 16 Hz, absorbance detection. 
 
c(Li
+
)/(mmol L
-1
)
 
Run µeo/(mm
2
 kV
-1
 s
-1
) µep/(mm
2
 kV
-1
 s
-1
) ζ/mV 
20 
1 68.942 -33.015  
2 69.451 -33.207  
3 69.414 -33.191  
4 69.487 -33.294  
5 69.377 -33.214  
 MW 69.334 -33.184 -82.55 
 SD 0.223 0.103  
 RSD 0.322% 0.309%  
40 
1 59.350 -31.923  
2 59.297 -31.938  
3 59.297 -31.938  
4 59.217 -31.937  
 MW 59.290 -31.934 -66.40 
 SD 0.055 0.007  
 RSD 0.093% 0.023%  
60 
1 55.549 -31.503  
2 55.713 -31.540  
3 55.690 -31.530  
4 55.713 -31.531  
5 55.819 -31.642  
 MW 55.697 -31.549 -61.40 
 SD 0.097 0.053  
 RSD 0.174% 0.169%  
80 
1 50.447 -30.907  
2 50.447 -30.907  
3 50.427 -30.908  
4 50.350 -30.908  
5 50.312 -30.904  
 MW 50.397 -30.907 -57.22 
 SD 0.062 0.002  
 RSD 0.123% 0.005%  
100 
1 46.744 -30.132  
2 46.719 -30.138  
3 46.678 -30.151  
4 46.546 -30.134  
5 46.521 -30.142  
 MW 46.641 -30.139 -53.71 
 SD 0.102 0.008  
 RSD 0.218% 0.025%  
120 
1 43.983 -29.574  
2 43.910 -29.540  
3 43.808 -29.534  
4 43.735 -29.552  
 MW 43.859 -29.550 -51.23 
 SD 0.110 0.018  
 RSD 0.250% 0.059%  
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Table 4: Measured electrophoretic mobilities μ and calculated ζ potentials for SNP22 nm with a concentration of 
Li-cation counterion (20, 40, 60, 80, 100 or 120 mmol L
-1
) (2
nd
 series), the following experimental 
conditions: T= 25°C, total length of capillary = 39.5 cm, capillary length to detector = 29.2 cm, inner 
diameter of fused silica capillary = 76 m, separation voltage 7 kV, sample injection 0.1 psi (6.89 
mbar) 6 s, data rate 16 Hz, absorbance detection. 
 
c(Li
+
)/(mmol L
-1
)
 
Run µeo/(mm
2
 kV
-1
 s
-1
) µep/(mm
2
 kV
-1
 s
-1
) ζ/mV 
20 
1 67.305 -35.202  
2 67.288 -35.138  
3 67.254 -35.142  
4 67.288 -35.184  
5 67.219 -35.139  
 MW 67.271 -35.161 -75.54 
 SD 0.034 0.030  
 RSD 0.051% 0.085%  
40 
1 58.664 -34.861  
2 58.768 -34.888  
3 58.768 -34.893  
4 58.703 -34.870  
5 58.742 -34.875  
 MW 58.729 -34.878 -64.17 
 SD 0.045 0.013  
 RSD 0.077% 0.037%  
60 
1 52.225 -34.456  
2 52.277 -34.550  
3 52.184 -34.454  
4 52.215 -34.450  
5 52.163 -34.418  
 MW 52.213 -34.465 -59.42 
 SD 0.044 0.050  
 RSD 0.083% 0.145%  
80 
1 47.812 -33.595  
2 47.743 -33.569  
3 47.656 -33.531  
4 47.622 -33.542  
5 47.485 -33.467  
 MW 47.663 -33.541 -55.32 
 SD 0.125 0.048  
 RSD 0.261% 0.143%  
100 
1 44.413 -32.618  
2 44.368 -32.646  
3 44.293 -32.614  
4 44.346 -32.622  
 MW 44.355 -32.625 -52.20 
 SD 0.050 0.014  
 RSD 0.112% 0.044%  
120 
1 41.478 -31.677  
2 41.530 -31.793  
3 41.556 -31.889  
4 41.570 -31.847  
5 41.517 -31.862  
 MW 41.530 -31.814 -49.79 
 SD 0.036 0.084  
 RSD 0.086% 0.264%  
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Table 5: Measured electrophoretic mobilities μ and calculated ζ potentials for SNP22 nm with a concentration of 
Li-cation counterion (20, 40, 60, 80, 100 or 120 mmol L
-1
) (1
st
 series), the following experimental 
conditions: T= 25°C, total length of capillary = 39.5 cm, capillary length to detector = 29.2 cm, inner 
diameter of fused silica capillary = 76 m, separation voltage 7 kV, sample injection 0.1 psi (6.89 
mbar) 6 s, data rate 16 Hz, absorbance detection. 
 
c(Li
+
)/(mmol L
-1
)
 
Run µeo/(mm
2
 kV
-1
 s
-1
) µep/(mm
2
 kV
-1
 s
-1
) ζ/mV 
20 
1 66.980 -33.592  
2 66.574 -33.537  
3 66.373 -33.501  
4 66.207 -33.489  
5 65.909 -33.409  
 MW 66.409 -33.506 -67.20 
 SD 0.402 0.067  
 RSD 0.605% 0.200%  
40 
1 55.737 -33.330  
2 55.584 -33.306  
3 55.502 -33.348  
4 55.596 -33.359  
5 55.619 -33.304  
 MW 55.607 -33.329 -59.72 
 SD 0.085 0.025  
 RSD 0.152% 0.074%  
60 
1 54.696 -34.099  
2 54.662 -34.094  
3 54.057 -34.160  
4 54.157 -34.151  
5 54.335 -34.272  
 MW 54.381 -34.155 -58.65 
 SD 0.290 0.071  
 RSD 0.533% 0.209%  
80 
1 49.388 -33.549  
2 49.333 -33.537  
3 49.351 -33.557  
4 49.444 -33.600  
5 49.370 -33.578  
 MW 49.377 -33.564 -55.37 
 SD 0.043 0.025  
 RSD 0.086% 0.075%  
100 
1 46.382 -32.716  
2 46.284 -32.627  
3 46.235 -32.664  
4 46.026 -32.536  
 MW 46.232 -32.636 -52.22 
 SD 0.150 0.076  
 RSD 0.325% 0.233%  
120 
1 42.590 -31.784  
2 42.840 -31.817  
3 42.867 -31.887  
4 42.881 -31.850  
5 42.881 -31.850  
 MW 42.812 -31.837 -49.84 
 SD 0.125 0.039  
 RSD 0.292% 0.122%  
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Table 6: Measured electrophoretic mobilities μ and calculated ζ potentials for SNP7 nm with a concentration of 
Na-cation counterion (20, 40, 60, 80 or 100 mmol L
-1
) (2
nd
 series), the following experimental 
conditions: T= 25°C, total length of capillary = 39.5 cm, capillary length to detector = 29.2 cm, inner 
diameter of fused silica capillary = 76 m, separation voltage 7 kV, sample injection 0.1 psi (6.89 
mbar) 6 s, data rate 16 Hz, absorbance detection. 
 
c(Na
+
)/(mmol L
-1
)
 
Run µeo/(mm
2
 kV
-1
 s
-1
) µep/(mm
2
 kV
-1
 s
-1
) ζ/mV 
20 
1 63.911 -32.660  
2 63.927 -32.624  
3 63.896 -32.623  
4 63.896 -32.634  
5 63.819 -32.619  
 MW 63.890 -32.632 -72.31 
 SD 0.042 0.017  
 RSD 0.065% 0.051%  
40 
1 53.880 -30.516  
2 53.693 -30.511  
3 53.346 -30.532  
4 53.238 -30.519  
5 54.168 -30.574  
 MW 53.665 -30.530 -63.03 
 SD 0.382 0.026  
 RSD 0.712% 0.084%  
60 
1 47.656 -29.399  
2 47.613 -29.379  
3 47.596 -29.382  
4 47.502 -29.385  
5 47.527 -29.406  
 MW 47.579 -29.390 -57.72 
 SD 0.063 0.012  
 RSD 0.133% 0.040  
80 
1 42.812 -28.235  
2 42.819 -28.239  
3 42.819 -28.239  
4 42.763 -28.232  
5 42.735 -28.222  
 MW 42.789 -28.233 -53.19 
 SD 0.038 0.007  
 RSD 0.089% 0.024%  
100 
1 39.097 -27.276  
2 39.034 -27.223  
3 39.017 -27.211  
4 38.976 -27.168  
5 38.999 -27.189  
 MW 39.025 -27.214 -49.65 
 SD 0.046 0.041  
 RSD 0.118% 0.150%  
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Table 7: Measured electrophoretic mobilities μ and calculated ζ potentials for SNP12 nm with a concentration of 
Na-cation counterion (20, 40, 60, 80  or 100 mmol L
-1
) (2
nd
 series), the following experimental 
conditions: T= 25°C, total length of capillary = 39.5 cm, capillary length to detector = 29.2 cm, inner 
diameter of fused silica capillary = 76 m, separation voltage 7 kV, sample injection 0.1 psi (6.89 
mbar) 6 s, data rate 16 Hz, absorbance detection. 
 
c(Na
+
)/(mmol L
-1
)
 
Run µeo/(mm
2
 kV
-1
 s
-1
) µep/(mm
2
 kV
-1
 s
-1
) ζ/mV 
20 
1 64.004 -32.768  
2 64.020 -32.776  
3 64.004 -32.790  
4 63.973 -32.826  
5 63.911 -32.771  
 MW 63.983 -32.786 -71.78 
 SD 0.043 0.024  
 RSD 0.068% 0.072%  
40 
1 53.880 -31.807  
2 53.693 -31.804  
3 53.346 -31.807  
4 53.238 -31.808  
5 54.168 -31.856  
 MW 53.665 -31.816 -63.42 
 SD 0.382 0.022  
 RSD 0.712% 0.070%  
60 
1 47.656 -31.013  
2 47.613 -30.991  
3 47.596 -31.003  
4 47.502 -30.998  
5 47.527 -30.984  
 MW 47.579 -30.998 -58.10 
 SD 0.063 0.011  
 RSD 0.133% 0.036%  
80 
1 42.812 -29.926  
2 42.819 -29.935  
3 42.819 -29.935  
4 42.763 -29.897  
5 42.735 -29.909  
 MW 42.789 -29.920 -53.55 
 SD 0.038 0.017  
 RSD 0.089% 0.056%  
100 
1 39.098 -28.957  
2 39.034 -28.942  
3 39.017 -28.924  
4 38.976 -28.880  
5 38.999 -28.909  
 MW 39.025 -28.922 -50.05 
 SD 0.046 0.030  
 RSD 0.118% 0.104%  
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Table 8: Measured electrophoretic mobilities μ and calculated ζ potentials for SNP12 nm with a concentration of 
Na-cation counterion (20, 40, 60, 80, 100 or 120 mmol L
-1
) (1
st
 series), the following experimental 
conditions: T= 25°C, total length of capillary = 39.5 cm, capillary length to detector = 29.2 cm, inner 
diameter of fused silica capillary = 76 m, separation voltage 7 kV, sample injection 0.1 psi (6.89 
mbar) 6 s, data rate 16 Hz, absorbance detection. 
 
c(Na
+
)/(mmol L
-1
)
 
Run µeo/(mm
2
 kV
-1
 s
-1
) µep/(mm
2
 kV
-1
 s
-1
) ζ/mV 
20 
1 63.911 -32.164  
2 64.238 -32.259  
3 64.490 -32.394  
4 64.458 -32.370  
5 64.458 -32.378  
 MW 64.311 -32.313 -69.65 
 SD 0.245 0.099  
 RSD 0.381% 0.307%  
40 
1 50.855 -30.488  
2 51.331 -30.689  
3 51.411 -30.760  
4 51.431 -30.802  
5 51.411 -30.789  
 MW 51.288 -30.705 -59.89 
 SD 0.245 0.129  
 RSD 0.477% 0.421%  
60 
1 46.106 -30.372  
2 46.122 -30.400  
3 46.219 -30.401  
4 46.219 -30.437  
5 46.252 -30.362  
 MW 46.184 -30.394 -56.47 
 SD 0.065 0.029  
 RSD 0.141% 0.095%  
80 
1 42.067 -29.762  
2 42.007 -29.738  
3 41.993 -29.736  
4 41.980 -29.742  
5 41.953 -29.733  
 MW 42.000 -29.742 -53.12 
 SD 0.042 0.011  
 RSD 0.101% 0.038%  
100 
1 40.709 -28.564  
2 40.584 -28.444  
3 40.509 -28.389  
4 40.484 -28.369  
5 40.472 -28.432  
 MW 40.552 -28.439 -48.99 
 SD 0.098 0.076  
 RSD 0.242% 0.267%  
120 
1 37.279 -27.273  
2 37.106 -27.166  
3 36.965 -27.202  
4 36.831 -27.251  
5 36.718 -27.235  
 MW 36.980 -27.225 -45.64 
 SD 0.221 0.042  
 RSD 0.599% 0.154%  
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Table 9: Measured electrophoretic mobilities μ and calculated ζ potentials for SNP22 nm with a concentration of 
Na-cation counterion (20, 40, 60, 80 or 100 mmol L
-1
) (2
nd
 series), the following experimental 
conditions: T= 25°C, total length of capillary = 39.5 cm, capillary length to detector = 29.2 cm, inner 
diameter of fused silica capillary = 76 m, separation voltage 7 kV, sample injection 0.1 psi (6.89 
mbar) 6 s, data rate 16 Hz, absorbance detection. 
 
c(Na
+
)/(mmol L
-1
)
 
Run µeo/(mm
2
 kV
-1
 s
-1
) µep/(mm
2
 kV
-1
 s
-1
) ζ/mV 
20 
1 63.649 -34.710  
2 63.772 -34.859  
3 63.711 -34.670  
4 63.711 -34.670  
5 63.711 -34.702  
 MW 63.711 -34.722 -68.78 
 SD 0.044 0.079  
 RSD 0.068% 0.226%  
40 
1 53.880 -34.346  
2 53.693 -34.331  
3 53.346 -34.341  
4 53.238 -34.299  
5 54.168 -34.352  
 MW 53.665 -34.334 -60.92 
 SD 0.382 0.021  
 RSD 0.712% 0.061%  
60 
1 47.656 -33.612  
2 47.613 -33.602  
3 47.596 -33.612  
4 47.502 -33.538  
5 47.527 -33.540  
 MW 47.579 -33.581 -56.28 
 SD 0.063 0.038  
 RSD 0.133% 0.114%  
80 
1 42.812 -32.379  
2 42.819 -32.385  
3 42.819 -32.385  
4 42.763 -32.349  
5 42.735 -32.305  
 MW 42.789 -32.361 -52.15 
 SD 0.038 0.034  
 RSD 0.089% 0.106%  
100 
1 39.098 -31.210  
2 39.034 -31.168  
3 39.017 -31.149  
4 38.976 -31.111  
5 38.999 -31.131  
 MW 39.025 -31.154 -48.84 
 SD 0.046 0.038  
 RSD 0.118% 0.122%  
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Table 10: Measured electrophoretic mobilities μ and calculated ζ potentials for SNP22 nm with a concentration 
of Na-cation counterion (20, 40, 60, 80 or 100 mmol L
-1
) (1
st
 series), the following experimental 
conditions: T= 25°C, total length of capillary = 39.5 cm, capillary length to detector = 29.2 cm, inner 
diameter of fused silica capillary = 76 m, separation voltage 7 kV, sample injection 0.1 psi (6.89 
mbar) 6 s, data rate 16 Hz, absorbance detection. 
 
c(Na
+
)/(mmol L
-1
)
 
Run µeo/(mm
2
 kV
-1
 s
-1
) µep/(mm
2
 kV
-1
 s
-1
) ζ/mV 
20 
1 62.207 -34.374  
2 61.425 -34.212  
3 61.196 -34.168  
4 61.182 -34.087  
5 61.239 -34.141  
 MW 61.450 -34.197 -66.87 
 SD 0.434 0.109  
 RSD 0.707% 0.319%  
40 
1 52.340 -33.926  
2 52.748 -34.032  
3 53.024 -33.978  
4 53.324 -34.086  
5 53.584 -34.021  
 MW 53.004 -34.008 -60.08 
 SD 0.486 0.060  
 RSD 0.918% 0.178%  
60 
1 46.042 -32.580  
2 45.881 -32.523  
3 45.738 -32.506  
4 45.722 -32.519  
 MW 45.846 -32.532 -54.01 
 SD 0.149 0.033  
 RSD 0.325% 0.100%  
80 
1 41.728 -31.989  
2 41.754 -31.938  
3 41.767 -32.019  
4 41.860 -32.081  
5 41.807 -31.984  
 MW 41.783 -32.002 -51.44 
 SD 0.052 0.053  
 RSD 0.124% 0.165%  
100 
1 38.884 -31.036  
2 38.781 -30.910  
3 38.702 -30.972  
4 38.386 -30.912  
5 38.442 -30.951  
 MW 38.639 -30.956 -48.48 
 SD 0.216 0.052  
 RSD 0.560% 0.168%  
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Table 11: Measured electrophoretic mobilities μ and calculated ζ potentials for SNP7 nm with a concentration of 
K-cation counterion (20, 40, 60 or 80 mmol L
-1
) (2
nd
 series), the following experimental conditions: 
T= 25°C, total length of capillary = 39.5 cm, capillary length to detector = 29.2 cm, inner diameter of 
fused silica capillary = 76 m, separation voltage 7 kV, sample injection 0.1 psi (6.89 mbar) 6 s, data 
rate 16 Hz, absorbance detection. 
 
c(K
+
)/(mmol L
-1
)
 
Run µeo/(mm
2
 kV
-1
 s
-1
) µep/(mm
2
 kV
-1
 s
-1
) ζ/mV 
20 
1 60.425 -32.527  
2 60.342 -32.491  
3 60.287 -32.483  
4 60.259 -32.485  
5 60.218 -32.485  
 MW 60.306 -32.494 -69.10 
 SD 0.080 0.019  
 RSD 0.133% 0.058%  
40 
1 52.030 -29.872  
2 51.927 -29.980  
3 51.897 -29.960  
4 51.764 -29.824  
5 51.693 -29.811  
 MW 51.862 -29.889 -59.38 
 SD 0.134 0.077  
 RSD 0.258% 0.258%  
60 
1 45.462 -28.653  
2 45.376 -28.915  
3 45.298 -28.678  
4 45.267 -28.649  
5 45.081 -28.710  
 MW 45.297 -28.721 -54.67 
 SD 0.142 0.111  
 RSD 0.314% 0.388%  
80 
1 40.659 -27.339  
2 40.090 -27.168  
3 40.250 -27.246  
4 40.373 -27.262  
 MW 40.343 -27.254 -49.92 
 SD 0.240 0.070  
 RSD 0.596% 0.257%  
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Table 12: Measured electrophoretic mobilities μ and calculated ζ potentials for SNP12 nm with a concentration 
of K-cation counterion (20, 40, 60 or 80 mmol L
-1
) (2
nd
 series), the following experimental conditions: 
T= 25°C, total length of capillary = 39.5 cm, capillary length to detector = 29.2 cm, inner diameter of 
fused silica capillary = 76 m, separation voltage 7 kV, sample injection 0.1 psi (6.89 mbar) 6 s, data 
rate 16 Hz, absorbance detection. 
 
c(K
+
)/(mmol L
-1
)
 
Run µeo/(mm
2
 kV
-1
 s
-1
) µep/(mm
2
 kV
-1
 s
-1
) ζ/mV 
20 
1 59.890 -32.220  
2 59.890 -32.220  
3 59.890 -32.220  
4 59.863 -32.216  
5 59.835 -32.224  
 MW 59.873 -32.220 -66.45 
 SD 0.024 0.003  
 RSD 0.041% 0.008%  
40 
1 52.030 -30.946  
2 51.927 -30.964  
3 51.897 -30.940  
4 51.764 -30.940  
5 51.693 -30.846  
 MW 51.862 -30.927 -58.92 
 SD 0.134 0.046  
 RSD 0.258% 0.150%  
60 
1 45.454 -29.758  
2 45.376 -29.895  
3 45.298 -29.755  
4 45.267 -29.722  
 MW 45.349 -29.783 -53.78 
 SD 0.084 0.077  
 RSD 0.185% 0.258%  
80 
1 40.659 -28.900  
2 40.090 -28.515  
3 40.250 -28.834  
4 40.373 -28.914  
 MW 40.343 -28.791 -50.09 
 SD 0.240 0.187  
 RSD 0.596% 0.650%  
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Table 13: Measured electrophoretic mobilities μ and calculated ζ potentials for SNP12 nm with a concentration 
of K-cation counterion (20, 40 or 100 mmol L
-1
) (1
st
 series), the following experimental conditions: 
T= 25°C, total length of capillary = 39.5 cm, capillary length to detector = 29.2 cm, inner diameter of 
fused silica capillary = 76 m, separation voltage 7 kV, sample injection 0.1 psi (6.89 mbar) 6 s, data 
rate 16 Hz, absorbance detection. 
 
c(K
+
)/(mmol L
-1
)
 
Run µeo/(mm
2
 kV
-1
 s
-1
) µep/(mm
2
 kV
-1
 s
-1
) ζ/mV 
20 
1 64.036 -32.341  
2 63.989 -32.393  
3 63.865 -32.345  
4 63.680 -32.384  
5 63.649 -32.324  
 MW 63.844 -32.357 -66.92 
 SD 0.175 0.030  
 RSD 0.275% 0.092%  
40 
1 52.939 -31.158  
2 52.769 -31.170  
3 52.664 -31.167  
4 52.423 -31.135  
5 52.423 -31.135  
 MW 52.643 -31.153 -59.54 
 SD 0.224 0.017  
 RSD 0.425% 0.056%  
100 
1 38.010 -28.714  
2 38.097 -28.777  
3 38.075 -28.777  
4 38.092 -28.788  
5 38.092 -28.788  
 MW 45.676 -28.769 -49.00 
 SD 0.771 0.031  
 RSD 1.689% 0.108%  
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Table 14: Measured electrophoretic mobilities μ and calculated ζ potentials for SNP22 nm with a concentration 
of K-cation counterion (20, 40, 60 or 80 mmol L
-1
) (2
nd
 series), the following experimental conditions: 
T= 25°C, total length of capillary = 39.5 cm, capillary length to detector = 29.2 cm, inner diameter of 
fused silica capillary = 76 m, separation voltage 7 kV, sample injection 0.1 psi (6.89 mbar) 6 s, data 
rate 16 Hz, absorbance detection. 
 
c(K
+
)/(mmol L
-1
)
 
Run µeo/(mm
2
 kV
-1
 s
-1
) µep/(mm
2
 kV
-1
 s
-1
) ζ/mV 
20 
1 59.111 -33.580  
2 58.979 -33.585  
3 59.111 -33.664  
4 59.191 -33.694  
5 59.217 -33.671  
 MW 59.122 -33.639 -62.80 
 SD 0.093 0.053  
 RSD 0.157% 0.156%  
40 
1 52.030 -32.217  
2 51.927 -32.232  
3 51.897 -32.187  
4 51.764 -32.166  
5 51.774 -32.161  
 MW 51.878 -32.193 -54.66 
 SD 0.111 0.031  
 RSD 0.214% 0.097%  
60 
1 45.462 -31.367  
2 45.376 -31.363  
3 45.298 -31.339  
4 45.267 -31.350  
5 45.081 -31.339  
 MW 45.297 -31.352 -50.86 
 SD 0.142 0.013  
 RSD 0.314% 0.042%  
80 
1 40.659 -30.672  
2 40.090 -30.182  
3 40.250 -30.559  
4 40.373 -30.426  
 MW 40.343 -30.460 -47.95 
 SD 0.240 0.210  
 RSD 0.596% 0.691%  
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Table 15: Measured electrophoretic mobilities μ and calculated ζ potentials for SNP22 nm with a concentration 
of K-cation counterion (20, 40, 60 or 80 mmol L
-1
) (1
st
 series), the following experimental conditions: 
T= 25°C, total length of capillary = 39.5 cm, capillary length to detector = 29.2 cm, inner diameter of 
fused silica capillary = 76 m, separation voltage 7 kV, sample injection 0.1 psi (6.89 mbar) 6 s, data 
rate 16 Hz, absorbance detection. 
c(K
+
)/(mmol L
-1
)
 
Run µeo/(mm
2
 kV
-1
 s
-1
) µep/(mm
2
 kV
-1
 s
-1
) ζ/mV 
20 
1 62.591 -34.593  
2 62.591 -34.782  
3 62.413 -34.814  
4 62.950 -34.904  
5 62.920 -34.909  
 MW 62.693 -34.800 -66.17 
 SD 0.233 0.129  
 RSD 0.371% 0.370%  
40 
1 51.958 -34.271  
2 51.835 -34.203  
3 51.835 -34.203  
4 51.897 -34.283  
5 51.673 -34.144  
 MW 51.840 -34.221 -59.20 
 SD 0.106 0.057  
 RSD 0.205% 0.167%  
60 
1 44.737 -32.986  
2 44.920 -33.218  
3 44.996 -33.327  
4 45.081 -33.446  
5 45.112 -33.436  
 MW 44.969 -33.283 -54.71 
 SD 0.150 0.190  
 RSD 0.334% 0.570%  
80 
1 40.697 -32.534  
2 40.709 -32.530  
3 40.747 -32.536  
4 40.772 -32.538  
5 40.722 -32.524  
 MW 40.730 -32.533 -51.81 
 SD 0.030 0.005  
 RSD 0.074% 0.017%  
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Table 16: Measured electrophoretic mobilities μ and calculated ζ potentials for SNP7 nm with a concentration of 
Gdm-cation counterion (40, 60 or 80 mmol L
-1
) (2
nd
 series), the following experimental conditions: 
T= 25°C, total length of capillary = 39.5 cm, capillary length to detector = 29.2 cm, inner diameter of 
fused silica capillary = 76 m, separation voltage 7 kV, sample injection 0.1 psi (6.89 mbar) 6 s, data 
rate 16 Hz, absorbance detection. 
 
c(Gdm
+
)/(mmol L
-1
)
 
Run µeo/(mm
2
 kV
-1
 s
-1
) µep/(mm
2
 kV
-1
 s
-1
) ζ/mV 
40 
1 46.106 -27.456  
2 46.026 -27.475  
3 45.929 -27.447  
4 45.849 -27.475  
5 45.849 -27.516  
 MW 45.952 -27.474 -53.81 
 SD 0.113 0.027  
 RSD 0.245% 0.097%  
60 
1 38.907 -25.208  
2 38.988 -25.455  
3 38.988 -25.526  
4 38.896 -25.646  
5 38.942 -25.639  
 MW 38.944 -25.495 -47.55 
 SD 0.043 0.179  
 RSD 0.111% 0.704%  
80 
1 34.643 -23.846  
2 34.571 -23.950  
3 34.471 -23.942  
4 34.336 -23.960  
5 34.292 -23.898  
 MW 34.463 -23.919 -43.03 
 SD 0.150 0.047  
 RSD 0.434% 0.198%  
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Table 17: Measured electrophoretic mobilities μ and calculated ζ potentials for SNP12 nm with a concentration 
of Gdm-cation counterion (20, 40, 60 or 80 mmol L
-1
) (2
nd
 series), the following experimental 
conditions: T= 25°C, total length of capillary = 39.5 cm, capillary length to detector = 29.2 cm, inner 
diameter of fused silica capillary = 76 m, separation voltage 7 kV, sample injection 0.1 psi (6.89 
mbar) 6 s, data rate 16 Hz, absorbance detection. 
 
c(Gdm
+
)/(mmol L
-1
)
 
Run µeo/(mm
2
 kV
-1
 s
-1
) µep/(mm
2
 kV
-1
 s
-1
) ζ/mV 
20 
1 55.807 -30.350  
2 55.760 -30.367  
3 55.784 -30.356  
4 55.784 -30.356  
5 55.760 -30.313  
 MW 55.779 -30.348 -62.16 
 SD 0.020 0.021  
 RSD 0.035% 0.068%  
40 
1 46.106 -28.658  
2 46.026 -28.709  
3 45.929 -28.680  
4 45.849 -28.704  
5 45.849 -28.775  
 MW 45.952 -28.705 -54.19 
 SD 0.113 0.044  
 RSD 0.245% 0.152%  
60 
1 38.907 -26.652  
2 38.988 -26.878  
3 38.988 -26.934  
4 38.896 -26.986  
5 38.942 -27.036  
 MW 38.944 -26.897 -47.91 
 SD 0.043 0.149  
 RSD 0.111% 0.555%  
80 
1 34.643 -25.244  
2 34.570 -25.337  
3 34.471 -25.395  
4 34.336 -25.433  
5 34.292 -25.413  
 MW 34.463 -25.364 -43.45 
 SD 0.150 0.076  
 RSD 0.434% 0.301%  
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Table 18: Measured electrophoretic mobilities μ and calculated ζ potentials for SNP22 nm with a concentration 
of Gdm-cation counterion (20, 40, or 60 mmol L
-1
) (2
nd
 series), the following experimental conditions: 
T= 25°C, total length of capillary = 39.5 cm, capillary length to detector = 29.2 cm, inner diameter of 
fused silica capillary = 76 m, separation voltage 7 kV, sample injection 0.1 psi (6.89 mbar) 6 s, data 
rate 16 Hz, absorbance detection. 
 
c(Gdm
+
)/(mmol L
-1
)
 
Run µeo/(mm
2
 kV
-1
 s
-1
) µep/(mm
2
 kV
-1
 s
-1
) ζ/mV 
20 
1 55.737 -32.029  
2 55.737 -32.058  
3 55.666 -32.043  
4 55.619 -32.047  
5 55.549 -32.010  
 MW 55.661 -32.037 -59.96 
 SD 0.080 0.019  
 RSD 0.144% 0.058%  
40 
1 46.106 -30.755  
2 46.026 -30.684  
3 45.929 -30.701  
4 45.849 -30.702  
5 45.849 -30.755  
 MW 45.952 -30.719 -52.28 
 SD 0.113 0.034  
 RSD 0.245% 0.109%  
60 
1 38.907 -28.380  
2 38.988 -28.686  
3 38.988 -28.723  
4 38.896 -28.807  
5 38.942 -28.891  
 MW 38.944 -28.698 -46.26 
 SD 0.043 0.194  
 RSD 0.111% 0.677%  
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Appendix A5 
Electropherograms obtained: (a) superposition of consecutive runs, and (b) cumulative superposition for SNPs 
(1
st
 series) and (2
nd
 series) with different concentrations of different monovalent counterions. Experimental 
conditions (refer to Figs. 5 and 6). 
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Appendix A6 
Calibration lines of SNPs in different monovalent counterions concentrations 
3.4 3.6 3.8 4.0 4.2 4.4 4.6
3.07
3.08
3.09
3.10
3.11
3.12
3.13
Equation y = a + b*x
Weight No Weighting
Residual Sum of 
Squares
9.87869E-6
Pearson's r 0.99654
Adj. R-Square 0.98619
Value Standard Error
66.63 Intercept 2.88877 0.01787
66.63 Slope 0.0533 0.00444
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Fig. 1: Calibration line for SNP7 (2
nd
 series), c(Li
+
) = 
 40 mmol L
-1
, T = 25 °C. 
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2.96
2.98
3.00
3.02
3.04
3.06
Equation y = a + b*x
Weight No Weighting
Residual Sum of 
Squares
5.43002E-5
Pearson's r 0.99736
Adj. R-Square 0.99297
Value Standard Error
61.03 Intercept 2.7005 0.01226
61.03 Slope 0.06402 0.00269
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Fig. 2: Calibration line for SNP7 (2
nd
 series), c(Li
+
) =  
60 mmol L
-1
, T = 25 °C. 
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3.00
3.05
Equation y = a + b*x
Weight No Weighting
Residual Sum of 
Squares
1.64933E-5
Pearson's r 0.99975
Adj. R-Square 0.9994
Value Standard Error
56.56 Intercept 2.53799 0.00384
56.56 Slope 0.06877 6.86467E-4
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Fig. 3: Calibration line for SNP7 (2
nd
 series), c(Li
+
) =  
80 mmol L
-1
, T = 25 °C. 
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Equation y = a + b*x
Weight No Weighting
Residual Sum of 
Squares
1.03389E-5
Pearson's r 0.99992
Adj. R-Square 0.99981
Value Standard Error
52.90 Intercept 2.42862 0.00193
52.90 Slope 0.0649 3.13792E-4

(-
1
0
-8
m
2
V
-1
s
-1
)
a
Fig. 4: Calibration line for SNP7 (2
nd
 series), c(Li
+
) = 
100 mmol L
-1
,T = 25 °C. 
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Equation y = a + b*x
Weight No Weighting
Residual Sum of 
Squares
6.88468E-5
Pearson's r 0.99966
Adj. R-Square 0.99925
Value Standard Error
50.35 Intercept 2.35284 0.00353
50.35 Slope 0.06084 5.27417E-4
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Fig. 5: Calibration line for SNP7 (2
nd
 series), c(Li
+
) =  
120 mmol L
-1
, T = 25 °C. 
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Equation y = a + b*x
Weight No Weighting
Residual Sum of 
Squares
3.47957E-5
Pearson's r 0.97419
Adj. R-Square 0.8981
Value Standard Error
81.50 Intercept 3.17885 0.03354
81.50 Slope 0.036 0.00834
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Fig. 6: Calibration line for SNP12 (2
nd
 series), c(Li
+
) 
= 20 mmol L
-1
,T = 25 °C. 
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3.32
Equation y = a + b*x
Weight No Weighting
Residual Sum of 
Squares
1.61329E-5
Pearson's r 0.99949
Adj. R-Square 0.99864
Value Standard Error
67.73 Intercept 2.79473 0.00813
67.73 Slope 0.07943 0.00147
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Fig. 7: Calibration line for SNP12 (2
nd
 series), c(Li
+
) 
= 40 mmol L
-1
, T = 25 °C. 
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Equation y = a + b*x
Weight No Weighting
Residual Sum of 
Squares
1.19821E-4
Pearson's r 0.99976
Adj. R-Square 0.99947
Value Standard Error
61.97 Intercept 2.68324 0.00355
61.97 Slope 0.07335 4.89287E-4
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Fig. 8: Calibration line for SNP12 (2
nd
 series), c(Li
+
) 
= 60 mmol L
-1
, T = 25 °C. 
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Equation y = a + b*x
Weight No Weighting
Residual Sum of 
Squares
7.47192E-5
Pearson's r 0.99943
Adj. R-Square 0.99869
Value Standard Error
57.28 Intercept 2.58355 0.00684
57.28 Slope 0.06591 8.43571E-4
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Fig.9: Calibration line for SNP12 (2
nd
 series), c(Li
+
) = 
80 mmol L
-1
, T = 25 °C. 
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Equation y = a + b*x
Weight No Weighting
Residual Sum of 
Squares
2.47819E-5
Pearson's r 0.99949
Adj. R-Square 0.99878
Value Standard Error
53.75 Intercept 2.50616 0.0072
53.75 Slope 0.05906 8.4146E-4
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Fig. 10: Calibration line for SNP12 (2
nd
 series), c(Li
+
)  
= 100 mmol L
-1
,T = 25 °C. 
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Residual Sum of 
Squares
8.81124E-5
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Adj. R-Square 0.99766
Value Standard Error
51.20 Intercept 2.44732 0.00833
51.20 Slope 0.05347 9.1606E-4
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Fig. 11: Calibration line for SNP12 (2
nd
 series), c(Li
+
) 
= 120 mmol L
-1
, T = 25 °C. 
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Equation y = a + b*x
Weight No Weighting
Residual Sum of 
Squares
3.76689E-5
Pearson's r 0.9692
Adj. R-Square 0.87868
Value Standard Error
82.55 Intercept 3.19172 0.0349
82.55 Slope 0.03416 0.00868
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Fig. 12: Calibration line for SNP12 (1
st
 series), c(Li
+
) 
= 20 mmol L
-1
,  T = 25 °C. 
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Equation y = a + b*x
Weight No Weighting
Residual Sum of 
Squares
9.9048E-5
Pearson's r 0.99881
Adj. R-Square 0.99714
Value Standard Error
66.40 Intercept 2.77992 0.0094
66.40 Slope 0.07691 0.00168
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Fig. 13: Calibration line for SNP12 (1
st
 series), c(Li
+
)  
= 40 mmol L
-1
, T = 25 °C. 
4 5 6 7 8 9 10
2.9
3.0
3.1
3.2
3.3
3.4
Equation y = a + b*x
Weight No Weighting
Residual Sum of 
Squares
1.20336E-4
Pearson's r 0.99975
Adj. R-Square 0.99945
Value Standard Error
61.40 Intercept 2.67051 0.00355
61.40 Slope 0.07265 4.90338E-4
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Fig. 14: Calibration line for SNP12 (1
st
 series), c(Li
+
)  
= 60 mmol L
-1
, T = 25 °C. 
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Equation y = a + b*x
Weight No Weighting
Residual Sum of 
Squares
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Pearson's r 0.99942
Adj. R-Square 0.99869
Value Standard Error
57.22 Intercept 2.58204 0.00684
57.22 Slope 0.06582 8.44184E-4
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Fig. 15: Calibration line for SNP12 (1
st
 series), c(Li
+
) 
 = 80 mmol L
-1
, T = 25 °C. 
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Equation y = a + b*x
Weight No Weighting
Residual Sum of 
Squares
2.47806E-5
Pearson's r 0.99949
Adj. R-Square 0.99878
Value Standard Error
53.71 Intercept 2.50502 0.0072
53.71 Slope 0.059 8.41438E-4
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Fig. 16: Calibration line for SNP12 (1
st
 series), c(Li
+
) 
= 100 mmol L
-1
, T = 25 °C. 
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Equation y = a + b*x
Weight No Weighting
Residual Sum of 
Squares
8.81463E-5
Pearson's r 0.99898
Adj. R-Square 0.99766
Value Standard Error
51.23 Intercept 2.44826 0.00833
51.23 Slope 0.05351 9.16236E-4
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Fig. 17: Calibration line for SNP12 (1
st
 series), c(Li
+
)  
= 120 mmol L
-1
, T = 25 °C. 
5 6 7 8 9
3.30
3.35
3.40
3.45
3.50
3.55
3.60
3.65
3.70
3.75
Equation y = a + b*x
Weight No Weighting
Residual Sum of 
Squares
4.04532E-5
Pearson's r 0.99985
Adj. R-Square 0.99965
Value Standard Error
75.54 Intercept 2.85393 0.00442
75.54 Slope 0.09348 6.207E-4

(-
1
0
-8
m
2
V
-1
s
-1
)
a
Fig. 18: Calibration line for SNP22 (2
nd
 series), c(Li
+
)  
= 20 mmol L
-1
, T = 25 °C. 
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8 9 10 11 12
3.30
3.35
3.40
3.45
3.50
3.55
3.60
3.65
Equation y = a + b*x
Weight No Weighting
Residual Sum of 
Squares
1.00878E-4
Pearson's r 0.99926
Adj. R-Square 0.99832
Value Standard Error
64.17 Intercept 2.80551 0.00988
64.17 Slope 0.06759 9.80176E-4

(-
1
0
-8
m
2
V
-1
s
-1
)
a
Fig. 19: Calibration line for SNP22 (2
nd
 series), c(Li
+
) 
= 40 mmol L
-1
, T = 25 °C. 
10.0 10.5 11.0 11.5 12.0 12.5 13.0 13.5 14.0 14.5
3.34
3.36
3.38
3.40
3.42
3.44
3.46
3.48
3.50
3.52
3.54
Equation y = a + b*x
Weight No Weighting
Residual Sum of 
Squares
4.00361E-5
Pearson's r 0.99927
Adj. R-Square 0.99829
Value Standard Error
59.42 Intercept 2.81722 0.00981
59.42 Slope 0.051 7.97178E-4

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1
0
-8
m
2
V
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s
-1
)
a
Fig. 20: Calibration line for SNP22 (2
nd
 series), c(Li
+
) 
= 60 mmol L
-1
, T = 25 °C. 
12.0 12.5 13.0 13.5 14.0 14.5 15.0 15.5 16.0 16.5
3.28
3.30
3.32
3.34
3.36
3.38
3.40
3.42
3.44
Equation y = a + b*x
Weight No Weighting
Residual Sum of 
Squares
2.37098E-5
Pearson's r 0.99926
Adj. R-Square 0.99828
Value Standard Error
55.32 Intercept 2.79716 0.00877
55.32 Slope 0.03909 6.13471E-4

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1
0
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m
2
V
-1
s
-1
)
a
Fig. 21: Calibration line for SNP22 (2
nd
 series), c(Li
+
)  
= 80 mmol L
-1
, T = 25 °C. 
14.0 14.5 15.0 15.5 16.0 16.5 17.0 17.5 18.0 18.5
3.20
3.22
3.24
3.26
3.28
3.30
3.32
3.34
Equation y = a + b*x
Weight No Weighting
Residual Sum of 
Squares
1.36542E-5
Pearson's r 0.99931
Adj. R-Square 0.99839
Value Standard Error
52.20 Intercept 2.77459 0.00758
52.20 Slope 0.03065 4.65546E-4

(-
1
0
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m
2
V
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s
-1
)
a
Fig. 22: Calibration line for SNP22 (2
nd
 series), c(Li
+
) 
 = 100 mmol L
-1
,  T = 25 °C. 
15.0 15.5 16.0 16.5 17.0 17.5 18.0 18.5 19.0 19.5
3.12
3.14
3.16
3.18
3.20
3.22
Equation y = a + b*x
Weight No Weighting
Residual Sum of 
Squares
9.8255E-6
Pearson's r 0.99933
Adj. R-Square 0.99844
Value Standard Error
49.79 Intercept 2.72044 0.00683
49.79 Slope 0.02644 3.94918E-4

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1
0
-8
m
2
V
-1
s
-1
)
a
Fig. 23: Calibration line for SNP22 (2
nd
 series), c(Li
+
) 
= 120 mmol L
-1
, T = 25 °C. 
5 6 7 8 9
3.15
3.20
3.25
3.30
3.35
3.40
3.45
3.50
3.55
Equation y = a + b*x
Weight No Weighting
Residual Sum of 
Squares
9.57673E-6
Pearson's r 0.99995
Adj. R-Square 0.99989
Value Standard Error
67.20 Intercept 2.76717 0.00215
67.20 Slope 0.08209 3.02005E-4

(-
1
0
-8
m
2
V
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s
-1
)
a
Fig. 24: Calibration line for SNP22 (1
st
 series), c(Li
+
)  
= 20 mmol L
-1
,  T = 25 °C. 
 
189 
 
8.0 8.5 9.0 9.5 10.0 10.5 11.0 11.5 12.0 12.5
3.20
3.25
3.30
3.35
3.40
3.45
Equation y = a + b*x
Weight No Weighting
Residual Sum of 
Squares
5.177E-5
Pearson's r 0.99931
Adj. R-Square 0.99839
Value Standard Error
59.72 Intercept 2.72992 0.00935
59.72 Slope 0.05979 9.06502E-4

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1
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m
2
V
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s
-1
)
a
Fig. 25: Calibration line for SNP22 (1
st
 series), c(Li
+
) 
= 40 mmol L
-1
,  T = 25 °C. 
10.0 10.5 11.0 11.5 12.0 12.5 13.0 13.5 14.0 14.5
3.30
3.32
3.34
3.36
3.38
3.40
3.42
3.44
3.46
3.48
3.50
Equation y = a + b*x
Weight No Weighting
Residual Sum of 
Squares
3.90471E-5
Pearson's r 0.99926
Adj. R-Square 0.99827
Value Standard Error
58.65 Intercept 2.79841 0.00969
58.65 Slope 0.04998 7.87271E-4

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1
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m
2
V
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s
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)
a
Fig. 26: Calibration line for SNP22 (1
st
 series), c(Li
+
) 
= 60 mmol L
-1
, T = 25 °C. 
12.0 12.5 13.0 13.5 14.0 14.5 15.0 15.5 16.0 16.5
3.28
3.30
3.32
3.34
3.36
3.38
3.40
3.42
3.44
Equation y = a + b*x
Weight No Weighting
Residual Sum of 
Squares
2.37598E-5
Pearson's r 0.99926
Adj. R-Square 0.99828
Value Standard Error
55.37 Intercept 2.79867 0.00878
55.37 Slope 0.03914 6.14118E-4

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1
0
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m
2
V
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s
-1
)
a
Fig. 27: Calibration line for SNP22 (1
st
 series), c(Li
+
) 
= 80 mmol L
-1
, T = 25 °C. 
14.0 14.5 15.0 15.5 16.0 16.5 17.0 17.5 18.0 18.5
3.20
3.22
3.24
3.26
3.28
3.30
3.32
3.34
Equation y = a + b*x
Weight No Weighting
Residual Sum of 
Squares
1.36675E-5
Pearson's r 0.99931
Adj. R-Square 0.99839
Value Standard Error
52.22 Intercept 2.7753 0.00759
52.22 Slope 0.03067 4.65773E-4

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1
0
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m
2
V
-1
s
-1
)
a
Fig. 28: Calibration line for SNP22 (1
st
 series), c(Li
+
)  
= 100 mmol L
-1
, T = 25 °C. 
15.0 15.5 16.0 16.5 17.0 17.5 18.0 18.5 19.0 19.5
3.12
3.14
3.16
3.18
3.20
3.22
3.24
Equation y = a + b*x
Weight No Weighting
Residual Sum of 
Squares
9.85103E-6
Pearson's r 0.99933
Adj. R-Square 0.99844
Value Standard Error
49.84 Intercept 2.72237 0.00684
49.84 Slope 0.02648 3.95431E-4

(-
1
0
-8
m
2
V
-1
s
-1
)
a
Fig. 29: Calibration line for SNP22 (1
st
 series), c(Li
+
) 
= 120 mmol L
-1
,  T = 25 °C. 
3.4 3.6 3.8 4.0 4.2 4.4 4.6
3.03
3.04
3.05
3.06
3.07
3.08
3.09
3.10
Equation y = a + b*x
Weight No Weighting
Residual Sum of 
Squares
5.39974E-6
Pearson's r 0.99856
Adj. R-Square 0.99426
Value Standard Error
63.03 Intercept 2.82276 0.01321
63.03 Slope 0.06127 0.00329

(-
1
0
-8
m
2
V
-1
s
-1
)
a
Fig. 30: Calibration line for SNP7 (2
nd
 series), c(Na
+
)  
= 40 mmol L
-1
, T = 25 °C. 
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3.5 4.0 4.5 5.0 5.5
2.86
2.88
2.90
2.92
2.94
2.96
2.98
3.00
3.02
Equation y = a + b*x
Weight No Weighting
Residual Sum of 
Squares
2.58284E-5
Pearson's r 0.99885
Adj. R-Square 0.99692
Value Standard Error
57.72 Intercept 2.63145 0.00845
57.72 Slope 0.06684 0.00186

(-
1
0
-8
m
2
V
-1
s
-1
)
a
Fig. 31: Calibration line for SNP7 (2
nd
 series), c(Na
+
)  
= 60 mmol L
-1
,T = 25 °C. 
3 4 5 6 7 8
2.70
2.75
2.80
2.85
2.90
2.95
3.00
Equation y = a + b*x
Weight No Weighting
Residual Sum of 
Squares
2.63305E-5
Pearson's r 0.9998
Adj. R-Square 0.99954
Value Standard Error
53.19 Intercept 2.47047 0.00283
53.19 Slope 0.0661 5.00766E-4

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1
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m
2
V
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s
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)
a
Fig. 32: Calibration line for SNP7 (2
nd
 series), c(Na
+
)  
= 80 mmol L
-1
,T = 25 °C. 
4.5 5.0 5.5 6.0 6.5 7.0 7.5
2.60
2.65
2.70
2.75
2.80
2.85
Equation y = a + b*x
Weight No Weighting
Residual Sum of 
Squares
6.87851E-6
Pearson's r 0.99988
Adj. R-Square 0.9997
Value Standard Error
49.65 Intercept 2.34403 0.0027
49.65 Slope 0.06289 4.43316E-4

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1
0
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m
2
V
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s
-1
)
a
Fig. 33: Calibration line for SNP7 (2
nd
 series), c(Na
+
)  
= 100 mmol L
-1
, T = 25 °C. 
3.4 3.6 3.8 4.0 4.2 4.4 4.6
3.26
3.27
3.28
3.29
3.30
3.31
3.32
3.33
Equation y = a + b*x
Weight No Weighting
Residual Sum of 
Squares
1.23164E-5
Pearson's r 0.99637
Adj. R-Square 0.98549
Value Standard Error
71.78 Intercept 3.05818 0.01996
71.78 Slope 0.05806 0.00496

(-
1
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m
2
V
-1
s
-1
)
a
Fig. 34: Calibration line for SNP12 (2
nd
 series),  
c(Na
+
) = 40 mmol L
-1
, T = 25 °C. 
4.0 4.5 5.0 5.5 6.0 6.5 7.0
3.05
3.10
3.15
3.20
3.25
3.30
3.35
Equation y = a + b*x
Weight No Weighting
Residual Sum of 
Squares
3.41015E-5
Pearson's r 0.99959
Adj. R-Square 0.99902
Value Standard Error
63.42 Intercept 2.76411 0.00552
63.42 Slope 0.07733 9.87081E-4

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1
0
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m
2
V
-1
s
-1
)
a
Fig. 35: Calibration line for SNP12 (2
nd
 series), 
c(Na
+
) = 40 mmol L
-1
, T = 25 °C. 
4 5 6 7 8 9
2.90
2.95
3.00
3.05
3.10
3.15
3.20
3.25
Equation y = a + b*x
Weight No Weighting
Residual Sum of 
Squares
2.26467E-5
Pearson's r 0.99985
Adj. R-Square 0.99966
Value Standard Error
58.10 Intercept 2.62089 0.00308
58.10 Slope 0.07169 4.64417E-4

(-
1
0
-8
m
2
V
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s
-1
)
a
Fig. 36: Calibration line for SNP12 (2
nd
 series), 
 c(Na
+
) = 60 mmol L
-1
, T = 25 °C. 
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5 6 7 8 9 10
2.85
2.90
2.95
3.00
3.05
3.10
Equation y = a + b*x
Weight No Weighting
Residual Sum of 
Squares
8.44261E-5
Pearson's r 0.99929
Adj. R-Square 0.99837
Value Standard Error
53.55 Intercept 2.50666 0.00682
53.55 Slope 0.06276 8.96693E-4

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1
0
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m
2
V
-1
s
-1
)
a
Fig. 37: Calibration line for SNP12 (2
nd
 series), 
c(Na
+
) = 80 mmol L
-1
, T = 25 °C. 
6 7 8 9 10 11
2.75
2.80
2.85
2.90
2.95
3.00
Equation y = a + b*x
Weight No Weighting
Residual Sum of 
Squares
9.80662E-5
Pearson's r 0.99887
Adj. R-Square 0.99743
Value Standard Error
50.05 Intercept 2.42663 0.00831
50.05 Slope 0.05381 9.66418E-4

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1
0
-8
m
2
V
-1
s
-1
)
a
Fig. 38: Calibration line for SNP12 (2
nd
 series),  
c(Na
+
) = 100 mmol L
-1
,T = 25 °C. 
3.4 3.6 3.8 4.0 4.2 4.4 4.6
3.21
3.22
3.23
3.24
3.25
3.26
3.27
3.28
Equation y = a + b*x
Weight No Weighting
Residual Sum of 
Squares
1.01853E-5
Pearson's r 0.99711
Adj. R-Square 0.98846
Value Standard Error
69.65 Intercept 3.0062 0.01815
69.65 Slope 0.05924 0.00451

(-
1
0
-8
m
2
V
-1
s
-1
)
a
 Fig. 39: Calibration line for SNP12 (1
st
 series),  
c(Na
+
) = 20 mmol L
-1
, T = 25 °C. 
 Fig. 40: Calibration line for SNP12 (1
st
 series),  
(Na
+
) = 40 mmol L
-1
, T = 25 °C. 
 Fig. 41: Calibration line for SNP12 (1
st
 series),  
c(Na
+
) = 60 mmol L
-1
, T = 25 °C. 
 Fig. 42: Calibration line for SNP12 (1
st
 series),  
c(Na
+
) = 80 mmol L
-1
,  T = 25 °C. 
4.0 4.5 5.0 5.5 6.0 6.5 7.0
2.95
3.00
3.05
3.10
3.15
3.20
Equation y = a + b*x
Weight No Weighting
Residual Sum of 
Squares
1.67052E-5
Pearson's r 0.99978
Adj. R-Square 0.99948
Value Standard Error
59.89 Intercept 2.67012 0.00386
59.89 Slope 0.07399 6.90863E-4

(-
1
0
-8
m
2
V
-1
s
-1
)
a
4 5 6 7 8 9
2.85
2.90
2.95
3.00
3.05
3.10
3.15
3.20
Equation y = a + b*x
Weight No Weighting
Residual Sum of 
Squares
2.73248E-5
Pearson's r 0.99981
Adj. R-Square 0.99957
Value Standard Error
56.47 Intercept 2.57388 0.00338
56.47 Slope 0.06967 5.10133E-4

(-
1
0
-8
m
2
V
-1
s
-1
)
a
5 6 7 8 9 10
2.80
2.85
2.90
2.95
3.00
3.05
3.10
Equation y = a + b*x
Weight No Weighting
Residual Sum of 
Squares
8.49931E-5
Pearson's r 0.99927
Adj. R-Square 0.99833
Value Standard Error
53.12 Intercept 2.49312 0.00685
53.12 Slope 0.06219 8.99699E-4

(-
1
0
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m
2
V
-1
s
-1
)
a
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 Fig. 43: Calibration line for SNP12 (1
st
 series),  
c(Na
+
) = 2100 mmol L
-1
,  T = 25 °C. 
 Fig. 44: Calibration line for SNP12 (1
st
 series), 
c(Na
+
) = 120 mmol L
-1
, T = 25 °C. 
 Fig. 45: Calibration line for SNP22 (2
nd
 series),  
c(Na
+
) = 20 mmol L
-1
, T = 25 °C. 
 Fig. 46: Calibration line for SNP22 (2
nd
 series),  
c(Na
+
) = 40 mmol L
-1
, T = 25 °C. 
 Fig. 47: Calibration line for SNP22 (2
nd
 series),  
c(Na
+
) = 60 mmol L
-1
, T = 25 °C. 
 Fig. 48: Calibration line for SNP22 (2
nd
 series), 
c(Na
+
) = 80 mmol L
-1
,T = 25 °C. 
7.0 7.5 8.0 8.5 9.0 9.5 10.0
2.74
2.76
2.78
2.80
2.82
2.84
2.86
2.88
2.90
2.92
Equation y = a + b*x
Weight No Weighting
Residual Sum of 
Squares
2.69168E-5
Pearson's r 0.9993
Adj. R-Square 0.99832
Value Standard Error
48.99 Intercept 2.39144 0.00751
48.99 Slope 0.05243 8.76956E-4

(-
1
0
-8
m
2
V
-1
s
-1
)
a
7.5 8.0 8.5 9.0 9.5 10.0 10.5 11.0 11.5 12.0
2.64
2.66
2.68
2.70
2.72
2.74
2.76
2.78
2.80
2.82
Equation y = a + b*x
Weight No Weighting
Residual Sum of 
Squares
4.20417E-5
Pearson's r 0.99892
Adj. R-Square 0.99748
Value Standard Error
45.64 Intercept 2.3161 0.00802
45.64 Slope 0.04298 8.16901E-4

(-
1
0
-8
m
2
V
-1
s
-1
)
a
5.0 5.5 6.0 6.5 7.0 7.5 8.0 8.5 9.0 9.5
3.30
3.35
3.40
3.45
3.50
3.55
3.60
3.65
Equation y = a + b*x
Weight No Weighting
Residual Sum of 
Squares
1.62482E-5
Pearson's r 0.99989
Adj. R-Square 0.99975
Value Standard Error
68.78 Intercept 2.86745 0.00373
68.78 Slope 0.085 5.07847E-4

(-
1
0
-8
m
2
V
-1
s
-1
)
a
8.0 8.5 9.0 9.5 10.0 10.5 11.0 11.5 12.0 12.5
3.30
3.35
3.40
3.45
3.50
3.55
Equation y = a + b*x
Weight No Weighting
Residual Sum of 
Squares
5.77268E-5
Pearson's r 0.99925
Adj. R-Square 0.99825
Value Standard Error
60.92 Intercept 2.8234 0.00987
60.92 Slope 0.06047 9.57235E-4

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1
0
-8
m
2
V
-1
s
-1
)
a
10 11 12 13 14
3.25
3.30
3.35
3.40
3.45
Equation y = a + b*x
Weight No Weighting
Residual Sum of 
Squares
7.10959E-5
Pearson's r 0.99892
Adj. R-Square 0.99754
Value Standard Error
56.28 Intercept 2.77884 0.00993
56.28 Slope 0.04688 8.22863E-4

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1
0
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m
2
V
-1
s
-1
)
a
11.5 12.0 12.5 13.0 13.5 14.0 14.5 15.0 15.5 16.0
3.14
3.16
3.18
3.20
3.22
3.24
3.26
3.28
Equation y = a + b*x
Weight No Weighting
Residual Sum of 
Squares
2.29845E-5
Pearson's r 0.99917
Adj. R-Square 0.99806
Value Standard Error
52.15 Intercept 2.71967 0.00833
52.15 Slope 0.03627 6.04014E-4

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1
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m
2
V
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s
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)
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 Fig. 49: Calibration line for SNP22 (2
nd
 series),  
c(Na
+
) = 100 mmol L
-1
, T = 25 °C. 
 Fig. 50: Calibration line for SNP22 (1
st
 series),  
c(Na
+
) = 20 mmol L
-1
, T = 25 °C. 
 Fig. 51: Calibration line for SNP22 (1
st
 series), 
c(Na
+
) = 40 mmol L
-1
, T = 25 °C. 
10 11 12 13 14
3.14
3.16
3.18
3.20
3.22
3.24
3.26
3.28
3.30
3.32
3.34
Equation y = a + b*x
Weight No Weighting
Residual Sum of 
Squares
6.5723E-5
Pearson's r 0.99888
Adj. R-Square 0.99744
Value Standard Error
54.01 Intercept 2.7074 0.00955
54.01 Slope 0.04416 7.9116E-4

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m
2
V
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s
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)
a
Fig. 52: Calibration line for SNP22 (1
st
 series), c(Na
+
)  
= 60 mmol L
-1
, T = 25 °C. 
 Fig. 53: Calibration line for SNP22 (1
st
 series),  
c(Na
+
) = 80 mmol L
-1
, T = 25 °C. 
 Fig. 54: Calibration line for SNP22 (1
st
 series),  
c(Na
+
) = 100 mmol L
-1
, T = 25 °C. 
13.5 14.0 14.5 15.0 15.5 16.0 16.5 17.0 17.5 18.0
3.06
3.08
3.10
3.12
3.14
3.16
Equation y = a + b*x
Weight No Weighting
Residual Sum of 
Squares
1.26812E-5
Pearson's r 0.99923
Adj. R-Square 0.99821
Value Standard Error
48.84 Intercept 2.66871 0.00708
48.84 Slope 0.02804 4.48653E-4

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m
2
V
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s
-1
)
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5 6 7 8 9
3.20
3.25
3.30
3.35
3.40
3.45
3.50
3.55
3.60
Equation y = a + b*x
Weight No Weighting
Residual Sum of 
Squares
2.10983E-5
Pearson's r 0.9999
Adj. R-Square 0.99976
Value Standard Error
66.87
Intercept 2.83282 0.00319
Slope 0.08241 4.48259E-4

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1
0
-8
m
2
V
-1
s
-1
)
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8 9 10 11 12
3.25
3.30
3.35
3.40
3.45
3.50
3.55
Equation y = a + b*x
Weight No Weighting
Residual Sum of 
Squares
1.0595E-4
Pearson's r 0.99904
Adj. R-Square 0.9978
Value Standard Error
60.08 Intercept 2.78974 0.01013
60.08 Slope 0.06047 0.001

(-
1
0
-8
m
2
V
-1
s
-1
)
a
12 13 14 15 16
3.10
3.12
3.14
3.16
3.18
3.20
3.22
3.24
3.26
Equation y = a + b*x
Weight No Weighting
Residual Sum of 
Squares
3.87706E-5
Pearson's r 0.99894
Adj. R-Square 0.99757
Value Standard Error
51.44 Intercept 2.70302 0.00854
51.44 Slope 0.03486 6.07654E-4
a
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2
V
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s
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)
14 15 16 17 18
3.04
3.06
3.08
3.10
3.12
3.14
3.16
Equation y = a + b*x
Weight No Weighting
Residual Sum of 
Squares
2.16631E-5
Pearson's r 0.99903
Adj. R-Square 0.99778
Value Standard Error
48.48 Intercept 2.66183 0.00729
48.48 Slope 0.02723 4.5422E-4
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 Fig. 55: Calibration line for SNP7 (2
nd
 series), c(K
+
)  
= 40 mmol L
-1
, T = 25 °C.  
 Fig. 56: Calibration line for SNP7 (2
nd
 series), c(K
+
)  
= 60 mmol L
-1
, T = 25 °C. 
 Fig. 57: Calibration line for SNP7 (2
nd
 series), c(K
+
)  
= 80 mmol L
-1
, T = 25 °C. 
 Fig. 58: Calibration line for SNP12 (2
nd
 series), c(K
+
)  
= 20 mmol L
-1
, T = 25 °C. 
 Fig. 59: Calibration line for SNP12 (2
nd
 series), c(K
+
)  
= 40 mmol L
-1
, T = 25 °C. 
 Fig. 60: Calibration line for SNP12 (2
nd
 series), c(K
+
)  
= 60 mmol L
-1
, T = 25 °C. 
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 Fig. 61: Calibration line for SNP12 (2
nd
 series), c(K
+
)  
= 80 mmol L
-1
, T = 25 °C. 
 Fig. 62: Calibration line for SNP12 (1
st
 series), c(K
+
)  
= 20 mmol L
-1
, T = 25 °C. 
 Fig. 63: Calibration line for SNP12 (1
st
 series), c(K
+
)  
= 40 mmol L
-1
, T = 25 °C. 
 Fig. 64: Calibration line for SNP12 (1
st
 series), c(K
+
) 
= 100 mmol L
-1
, T = 25 °C. 
 Fig. 65: Calibration line for SNP22 (2
nd
 series), c(K
+
) 
= 20 mmol L
-1
, T = 25 °C. 
 Fig. 66: Calibration line for SNP22 (2
nd
 series), c(K
+
)  
= 40 mmol L
-1
, T = 25 °C. 
5 6 7 8 9 10
2.70
2.75
2.80
2.85
2.90
2.95
3.00
Equation y = a + b*x
Weight No Weighting
Residual Sum of 
Squares
1.06997E-4
Pearson's r 0.99895
Adj. R-Square 0.99761
Value Standard Error
50.09 Intercept 2.42722 0.00768
50.09 Slope 0.0583 0.00101

(-
1
0
-8
m
2
V
-1
s
-1
)
a
3.0 3.5 4.0 4.5 5.0
3.18
3.20
3.22
3.24
3.26
3.28
3.30
3.32
3.34
Equation y = a + b*x
Weight No Weighting
Residual Sum of 
Squares
1.32493E-4
Pearson's r 0.99399
Adj. R-Square 0.98402
Value Standard Error
66.92 Intercept 2.98815 0.01707
66.92 Slope 0.0661 0.0042

(-
1
0
-8
m
2
V
-1
s
-1
)
a
3 4 5 6 7 8
2.95
3.00
3.05
3.10
3.15
3.20
3.25
3.30
Equation y = a + b*x
Weight No Weighting
Residual Sum of 
Squares
4.50484E-5
Pearson's r 0.99973
Adj. R-Square 0.99939
Value Standard Error
59.54 Intercept 2.71099 0.0037
59.54 Slope 0.07474 6.55005E-4

(-
1
0
-8
m
2
V
-1
s
-1
)
a
6 7 8 9 10 11
2.75
2.80
2.85
2.90
2.95
3.00
Equation y = a + b*x
Weight No Weighting
Residual Sum of 
Squares
1.08595E-4
Pearson's r 0.99867
Adj. R-Square 0.99697
Value Standard Error
49.00 Intercept 2.42479 0.00874
49.00 Slope 0.05219 0.00102

(-
1
0
-8
m
2
V
-1
s
-1
)
a
5 6 7 8 9
3.15
3.20
3.25
3.30
3.35
3.40
3.45
3.50
3.55
Equation y = a + b*x
Weight No Weighting
Residual Sum of 
Squares
6.46842E-5
Pearson's r 0.99964
Adj. R-Square 0.99918
Value Standard Error
62.80 Intercept 2.81038 0.00559
62.80 Slope 0.07754 7.84882E-4

(-
1
0
-8
m
2
V
-1
s
-1
)
a
8 9 10 11 12
3.10
3.15
3.20
3.25
3.30
3.35
Equation y = a + b*x
Weight No Weighting
Residual Sum of 
Squares
1.02647E-4
Pearson's r 0.99875
Adj. R-Square 0.99715
Value Standard Error
54.66 Intercept 2.69028 0.00997
54.66 Slope 0.05233 9.88734E-4

(-
1
0
-8
m
2
V
-1
s
-1
)
a
 
196 
 
 Fig. 67: Calibration line for SNP22 (2
nd
 series), c(K
+
)  
= 60 mmol L
-1
, T = 25 °C. 
 Fig. 68: Calibration line for SNP22 (2
nd
 series), c(K
+
)  
= 80 mmol L
-1
, T = 25 °C. 
 Fig. 69: Calibration line for SNP22 (1
st
 series), c(K
+
)  
= 20 mmol L
-1
, T = 25 °C. 
 Fig. 70: Calibration line for SNP22 (1
st
 series), c(K
+
)  
= 40 mmol L
-1
, T = 25 °C. 
 Fig. 71: Calibration line for SNP22 (1
st
 series), c(K
+
)  
= 60 mmol L
-1
, T = 25 °C. 
 Fig. 72: Calibration line for SNP22 (1
st
 series), c(K
+
)  
= 80 mmol L
-1
, T = 25 °C. 
10 11 12 13 14
3.02
3.04
3.06
3.08
3.10
3.12
3.14
3.16
3.18
3.20
Equation y = a + b*x
Weight No Weighting
Residual Sum of 
Squares
6.00565E-5
Pearson's r 0.99874
Adj. R-Square 0.99711
Value Standard Error
50.86 Intercept 2.64384 0.00913
50.86 Slope 0.03975 7.56285E-4

(-
1
0
-8
m
2
V
-1
s
-1
)
a
12 13 14 15 16
2.96
2.98
3.00
3.02
3.04
3.06
3.08
3.10
Equation y = a + b*x
Weight No Weighting
Residual Sum of 
Squares
3.31167E-5
Pearson's r 0.99884
Adj. R-Square 0.99734
Value Standard Error
47.95 Intercept 2.60657 0.0079
47.95 Slope 0.03078 5.61602E-4

(-
1
0
-8
m
2
V
-1
s
-1
)
a
5 6 7 8 9
3.30
3.35
3.40
3.45
3.50
3.55
3.60
3.65
Equation y = a + b*x
Weight No Weighting
Residual Sum of 
Squares
5.24646E-5
Pearson's r 0.99974
Adj. R-Square 0.99941
Value Standard Error
66.17 Intercept 2.89326 0.00503
66.17 Slope 0.08224 7.06868E-4

(-
1
0
-8
m
2
V
-1
s
-1
)
a
8 9 10 11 12
3.25
3.30
3.35
3.40
3.45
3.50
3.55
Equation y = a + b*x
Weight No Weighting
Residual Sum of 
Squares
1.14896E-4
Pearson's r 0.99887
Adj. R-Square 0.99743
Value Standard Error
59.20 Intercept 2.83318 0.01055
59.20 Slope 0.05825 0.00105

(-
1
0
-8
m
2
V
-1
s
-1
)
a
10 11 12 13 14
3.20
3.22
3.24
3.26
3.28
3.30
3.32
3.34
3.36
3.38
3.40
3.42
Equation y = a + b*x
Weight No Weighting
Residual Sum of 
Squares
6.93456E-5
Pearson's r 0.99881
Adj. R-Square 0.99727
Value Standard Error
54.71 Intercept 2.78455 0.00981
54.71 Slope 0.04398 8.12671E-4

(-
1
0
-8
m
2
V
-1
s
-1
)
a
12 13 14 15 16
3.16
3.18
3.20
3.22
3.24
3.26
3.28
3.30
3.32
Equation y = a + b*x
Weight No Weighting
Residual Sum of 
Squares
3.93606E-5
Pearson's r 0.99889
Adj. R-Square 0.99746
Value Standard Error
51.81 Intercept 2.76341 0.00861
51.81 Slope 0.03433 6.12261E-4

(-
1
0
-8
m
2
V
-1
s
-1
)
a
 
197 
 
3.0 3.5 4.0 4.5 5.0
2.70
2.72
2.74
2.76
2.78
2.80
2.82
2.84
Equation y = a + b*x
Weight No Weighting
Residual Sum of 
Squares
4.36848E-5
Pearson's r 0.99752
Adj. R-Square 0.99341
Value Standard Error
53.81 Intercept 2.52649 0.0098
53.81 Slope 0.0593 0.00241

(-
1
0
-8
m
2
V
-1
s
-1
)
a
 Fig. 73: Calibration line for SNP7 (2
nd
 series),  
c(Gdm
+
) = 40 mmol L
-1
, T = 25 °C. 
Fig. 74: Calibration line for SNP7 (2
nd
 series),  
c(Gdm
+
) = 60 mmol L
-1
, T = 25 °C.
 
 Fig. 75: Calibration line for SNP7 (2
nd
 series),  
c(Gdm
+
) = 80 mmol L
-1
, T = 25 °C. 
 Fig. 76: Calibration line for SNP12 (2
nd
 series),  
c(Gdm
+
) = 20 mmol L
-1
, T = 25 °C. 
 Fig. 77: Calibration line for SNP12 (2
nd
 series),  
c(Gdm
+
) = 40 mmol L
-1
, T = 25 °C. 
 Fig. 78: Calibration line for SNP12 (2
nd
 series),  
c(Gdm
+
) = 60 mmol L
-1
, T = 25 °C. 
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 Fig. 79: Calibration line for SNP12 (2
nd
 series),  
c(Gdm
+
) = 80 mmol L
-1
, T = 25 °C. 
 Fig. 80: Calibration line for SNP22 (2
nd
 series),  
c(Gdm
+
) = 20 mmol L
-1
, T = 25 °C. 
 Fig. 81: Calibration line for SNP22 (2
nd
 series),  
c(Gdm
+
) = 40 mmol L
-1
, T = 25 °C. 
 
Fig. 82: Calibration line for SNP22 (2
nd
 series),  
c(Gdm
+
) = 60 mmol L
-1
, T = 25 °C. 
 
 
 
Fig. 83: Calibration line for SNP22 (2
nd
 series), c(Gdm
+
) = 80 mmol L
-1
, T = 25 °C. 
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Appendix A7 
Calculated parameters of regression lines (for ranges of κa refer to Appendix A6) 
Cation 
counterion 
SNP c(cation)/ 
(mmol L
-1
) 
ζ/mV R SSE/ 
(m
2
 V
-1
 s
-1
) 
y-Intercept/ 
(10
-8
 m
2  
V
-1
 s
-1
) 
SE/ 
(10
-8
 m
2 
V
-1
 s
-1
) 
Slope/ 
(10
-8
 m
2 
V
-1
 s
-1
) 
SE/ 
(10
-8
 m
2 
V
-1
 
s
-1
) 
Li
+
 
SNP7
** 
40 -66.63 0.98619 9.87869·10
-6
 2.88877 0.01787 0.05330 0.00444 
60 -61.03 0.99297 5.43002·10
-5
 2.70050 0.01226 0.06402 0.00269 
80 -56.56 0.99940 1.64933·10
-5
 2.53799 0.00384 0.06877 6.86467·10
-4
 
100 -52.90 0.99981 1.03389·10
-5
 2.42862 0.00193 0.06490 3.13792·10
-4
 
120 -50.35 0.99925 6.88468·10
-5
 2.35284 0.00353 0.06084 5.27417·10
-4
 
SNP12
* 
20 -82.55 0.87868 3.76689·10
-5
 3.19172 0.03490 0.03416 0.00868 
40 -66.40 0.99714 9.90480·10
-5
 2.77992 0.00940 0.07691 0.00168 
60 -61.40 0.99945 1.20336·10
-5
 2.67051 0.00355 0.07265 4.90338·10
-4
 
80 -57.22 0.99869 7.48279·10
-5
 2.58204 0.00684 0.06582 8.44184·10
-4
 
100 -53.71 0.99878 2.47806·10
-5
 2.50502 0.00720 0.05900 8.41438·10
-4
 
120 -51.23 0.99766 8.81463·10
-5
 2.44826 0.00833 0.05351 9.16236·10
-4
 
SNP12
**
 
20 -81.50 0.89810 3.47957·10
-5
 3.17885 0.03354 0.03600 0.00834 
40 -67.73 0.99864 1.61329·10
-5
 2.79473 0.00813 0.07943 0.00147 
60 -61.97 0.99947 1.19821·10
-4
 2.68324 0.00355 0.07335 4.89287·10
-4
 
80 -57.28 0.99869 7.47192·10
-5
 2.58355 0.00684 0.06591 8.43571·10
-4
 
100 -53.75 0.99878 2.47819·10
-5
 2.50616 0.00720 0.05906 8.41460·10
-4
 
120 -51.20 0.99766 8.81124·10
-5
 2.44732 0.00833 0.05347 9.16060·10
-4
 
SNP22
* 
20 -67.20 0.99989 9.57673·10
-6
 2.76717 0.00215 0.08209 3.02005·10
-4
 
40 -59.72 0.99839 5.17700·10
-5
 2.72992 0.00935 0.05979 9.06502·10
-4
 
60 -58.65 0.99827 3.90471·10
-5
 2.79841 0.00969 0.04998 7.87271·10
-4
 
80 -55.37 0.99828 2.37598·10
-5
 2.79867 0.00878 0.03914 6.14118·10
-4
 
100 -52.22 0.99839 1.36675·10
-5
 2.77530 0.00759 0.03067 4.65773·10
-4
 
120 -49.84 0.99844 9.85103·10
-6
 2.72237 0.00684 0.02648 3.95431·10
-4
 
SNP22
**
 
20 -75.54 0.99965 4.04532·10
-5
 2.85393 0.00442 0.09348 6.20700·10
-4
 
40 -64.17 0.99832 1.00878·10
-4
 2.80551 0.00988 0.06759 9.80176·10
-4
 
60 -59.42 0.99829 4.00361·10
-5
 2.81722 0.00981 0.05100 7.97178·10
-4
 
80 -55.32 0.99828 2.37098·10
-5
 2.79716 0.00877 0.03909 6.13471·10
-4
 
100 -52.20 0.99839 1.36542·10
-5
 2.77459 0.00758 0.03065 4.65546·10
-4
 
120 -49.79 0.99844 9.82550·10
-6
 2.72044 0.00683 0.02644 3.94918·10
-4
 
Na
+ 
SNP7
** 
40 -63.03 0.99426 5.39974·10
-6
 2.82276 0.01321 0.06127 0.00329 
60 -57.72 0.99692 2.58284·10
-5
 2.63145 0.00845 0.06684 0.00186 
80 -53.19 0.99954 2.63305·10
-5
 2.47047 0.00283 0.06610 5.00766·10
-4
 
100 -49.65 0.99970 6.87851·10
-5
 2.34403 0.00270 0.06289 4.43316·10
-4
 
SNP12
* 
20 -69.65 0.98846 1.01853·10
-5
 3.00620 0.01815 0.05924 0.00451 
40 -59.89 0.99948 1.67052·10
-5
 2.67012 0.00386 0.07399 6.90863·10
-4
 
60 -56.47 0.99957 2.73248·10
-5
 2.57388 0.00338 0.06967 5.10133·10
-4
 
80 -53.12 0.99833 8.49931·10
-5
 2.49312 0.00685 0.06219 8.99699·10
-4
 
100 -48.99 0.99832 2.69168·10
-5
 2.39144 0.00751 0.05243 8.76956·10
-4
 
120 -45.64 0.99748 4.20417·10
-5
 2.31610 0.00802 0.04298 8.16901·10
-4
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SNP12
**
 
20 -71.78 0.98549 1.23164·10
-5
 3.05818 0.01996 0.05806 0.00496 
40 -63.42 0.99902 3.41015·10
-5
 2.76411 0.00552 0.07733 9.87081·10
-4
 
60 -58.10 0.99966 2.26467·10
-5
 2.62089 0.00308 0.07169 4.64417·10
-4
 
80 -53.55 0.99837 8.44261·10
-5
 2.50666 0.00682 0.06276 8.96693·10
-4
 
100 -50.05 0.99743 9.80662·10
-5
 2.42663 0.00831 0.05381 9.66418·10
-4
 
SNP22
*
 
20 -66.87 0.99976 2.10983·10
-5
 2.83282 0.00319 0.08241 4.48259·10
-4
 
40 -60.08 0.99780 1.05950·10
-4
 2.78974 0.01013 0.06047 0.00100 
60 -54.01 0.99744 6.57230·10
-5
 2.70740 0.00955 0.04416 7.91160·10
-4
 
80 -51.44 0.99757 3.87706·10
-5
 2.70302 0.00854 0.03486 6.07654·10
-4
 
100 -48.48 0.99778 2.16631·10
-5
 2.66183 0.00729 0.02723 4.54220·10
-4
 
SNP22
**
 
20 -68.78 0.99975 1.62482·10
-5
 2.86745 0.00373 0.08500 5.07847·10
-4
 
40 -60.92 0.99825 5.77268·10
-5
 2.82340 0.00987 0.06047 9.57235·10
-4
 
60 -56.28 0.99754 7.10959·10
-5
 2.77884 0.00993 0.04688 8.22863·10
-4
 
80 -52.15 0.99806 2.29845·10
-5
 2.71967 0.00833 0.03627 6.04014·10
-4
 
100 -48.84 0.99821 1.26812·10
-5
 2.66871 0.00708 0.02804 4.48653·10
-4
 
K
+ 
SNP7
**
 
40 -59.38 0.99229 6.19508·10
-5
 2.74632 0.01167 0.06526 0.00287 
60 -54.67 0.99764 9.79300·10
-5
 2.56159 0.00609 0.06777 0.00125 
80 -49.92 0.99917 4.43960·10
-5
 2.38486 0.00336 0.06367 6.50245·10
-4
 
SNP12
*
 
20 -66.92 0.98402 1.32493·10
-5
 2.98815 0.01707 0.06610 0.00420 
40 -59.54 0.99939 4.50484·10
-5
 2.71099 0.00370 0.07474 6.55005·10
-4
 
100 -49.00 0.99697 1.08595·10
-5
 2.42479 0.00874 0.05219 0.00102 
SNP12
**
 
20 -66.45 0.98472 1.26721·10
-5
 2.97415 0.01670 0.06613 0.00411 
40 -58.92 0.99945 4.00026·10
-5
 2.69165 0.00349 0.07410 6.17233·10
-4
 
60 -53.78 0.99901 5.87281·10
-5
 2.52841 0.00496 0.06715 7.47874·10
-4
 
80 -50.09 0.99761 1.06997·10
-4
 2.42722 0.00768 0.05830 0.00101 
SNP22
*
 
20 -66.17 0.99941 5.24646·10
-5
 2.89326 0.00503 0.08224 7.06868·10
-4
 
40 -59.20 0.99743 1.14896·10
-4
 2.83318 0.01055 0.05825 0.00105 
60 -54.71 0.99727 6.93456·10
-5
 2.78455 0.00981 0.04398 8.12671·10
-4
 
80 -51.81 0.99746 3.93606·10
-5
 2.76341 0.00861 0.03433 6.12261·10
-4
 
SNP22
**
 
20 -62.80 0.99918 6.46842·10
-5
 2.81038 0.00559 0.07754 7.84882·10
-4
 
40 -54.66 0.99715 1.02647·10
-4
 2.69028 0.00997 0.05233 9.88734·10
-4
 
60 -50.86 0.99711 6.00565·10
-5
 2.64384 0.00913 0.03975 7.56285·10
-4
 
80 -47.95 0.99734 3.31167·10
-5
 2.60657 0.00790 0.03078 5.61602·10
-4
 
Gdm
+ 
SNP7
**
 
40 -53.81 0.99341 4.36848·10
-5
 2.52649 0.00980 0.05930 0.00241 
60 -47.55 0.99798 4.09883·10
-5
 2.27819 0.00499 0.05899 0.00108 
80 -43.03 0.99953 1.88380·10
-5
 2.09578 0.00219 0.05522 4.23567·10
-4
 
SNP12
**
 
20 -62.16 0.98396 1.09618·10
-4
 2.81019 0.01553 0.06001 0.00382 
40 -54.19 0.99948 3.06993·10
-5
 2.50638 0.00305 0.06726 5.40716·10
-4
 
60 -47.91 0.99884 5.31028·10
-5
 2.29351 0.00471 0.05911 7.11155·10
-4
 
80 -43.45 0.99732 8.73373·10
-5
 2.15078 0.00694 0.04976 9.12022·10
-4
 
SNP22
**
 
20 -59.96 0.99934 4.59700·10
-5
 2.68214 0.00471 0.07310 6.61671·10
-4
 
40 -52.28 0.99727 8.98339·10
-5
 2.56645 0.00933 0.05000 9.24965·10
-4
 
60 -46.26 0.99707 4.88635·10
-5
 2.42965 0.00823 0.03558 6.82178·10
-4
 
80 -41.91 0.99725 2.46780·10
-5
 2.31587 0.00682 0.02612 4.84798·10
-4
 
R = correlation coefficient, SSE = sum of squared errors, SE = standard error. 
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Appendix A8 
Superposition of size distribution functions for SNP7, SNP12 and SNP22 calculated from electropherograms 
(black solid line) with histograms (green) calculated from TEM data. 
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Appendix B1 
The certificates of analysis for PSSL20, PSSL40, PSSL60, and PSSL80, respectively, were obtained from the 
manufacturing company. 
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Appendix B2 
Recorded eluent traces (absorbance A at 214 nm versus time t) for: (1) PSSL20, (2) PSSL40, (3) PSSL60 and (4) 
PSSL80 in different concentrations: (a) 2 x 10
-3
 (% w/w), (b) 4 x 10
-3
 (% w/w), (c) 6 x 10
-3
 (% w/w) and             
(d) 8 x 10
-3
 (% w/w) with 8 mmol L
-1
 borax buffer; black = recorded trace, red = fitted curve. 
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Appendix B3 
Recorded eluent traces (absorbance A at 214 nm versus time t) for: (1) PSSL20 and (2) PSSL40 with different 
ionic strength: (a) 4; (b) 8; (c) 12; (d) 16 and (e) 20 mmol L
-1
 borax buffer; black = recorded trace, red = fitted 
curve. 
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Appendix B4 
 Superimposed electropherograms obtained in consecutive runs for different sizes of PSSL particles with a 
various concentrations of borax: (a) 5; (b) 10; (c) 20 and (d) 25 mmol L
-1
; to= thiourea as a neutral marker. 
Experimental conditions: T= 20°C, total length of capillary = 60.7 cm, capillary length to detector = 50.5 cm, 
inner diameter of fused silica capillary = 76 m, separation voltage 14 kV, sample injection 0.1 psi (6.89 mbar) 6 
s, data rate 16 Hz, absorbance detection. 
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Appendix B7 
Regression lines for PSSL different size at 20 
o
C in borax: (e) and (g) 10 mmol L
-1
; (a), (c) and (h) 15 mmol L
-1
; 
(f) 20 mmol L
-1
; (b) and (d) 25 mmol L
-1
, respectively 
4 5 6 7 8 9 10
3.0
3.1
3.2
3.3
3.4
3.5
(a) PSSL20
Equation y = a + b*x
Weight No Weighting
Residual Sum of 
Squares
2.68665E-4
Pearson's r 0.99956
Adj. R-Square 0.99903
Value Standard Error
73.82 Intercept 2.66084 0.00531
73.82 Slope 0.08144 7.32662E-4
a

(-
1
0
-8
m
2
V
-1
s
-1
)
 
11 12 13 14 15
3.12
3.14
3.16
3.18
3.20
3.22
3.24
3.26
3.28
3.30
3.32
(c) PSSL40
Equation y = a + b*x
Weight No Weighting
Residual Sum of 
Squares
5.54942E-5
Pearson's r 0.99903
Adj. R-Square 0.99779
Value Standard Error
60.03 Intercept 2.64947 0.0095
60.03 Slope 0.04371 7.26991E-4

(-
1
0
-8
m
2
V
-1
s
-1
)
a  
13 14 15 16 17 18
3.55
3.60
3.65
3.70
3.75
3.80
(e) PSSL60
Equation y = a + b*x
Weight No Weighting
Residual Sum of 
Squares
5.02196E-5
Pearson's r 0.99923
Adj. R-Square 0.99823
Value Standard Error
69.49 Intercept 2.95561 0.01076
69.49 Slope 0.04647 6.91579E-4

(-
1
0
-8
m
2
V
-1
s
-1
)
a  
7 8 9 10 11
2.95
3.00
3.05
3.10
3.15
3.20
3.25
(b) PSSL20
Equation y = a + b*x
Weight No Weighting
Residual Sum of 
Squares
8.8667E-5
Pearson's r 0.99927
Adj. R-Square 0.99833
Value Standard Error
63.03 Intercept 2.53793 0.00836
63.03 Slope 0.06353 9.18938E-4

(-
1
0
-8
m
2
V
-1
s
-1
)
a
15 16 17 18 19
3.06
3.08
3.10
3.12
3.14
3.16
3.18
(d) PSSL40
Equation y = a + b*x
Weight No Weighting
Residual Sum of 
Squares
1.95357E-5
Pearson's r 0.99915
Adj. R-Square 0.99806
Value Standard Error
54.46 Intercept 2.6505 0.00735
54.46 Slope 0.02766 4.3134E-4

(-
1
0
-8
m
2
V
-1
s
-1
)
a
20 21 22 23 24
3.40
3.42
3.44
3.46
3.48
3.50
(f) PSSL60
Equation y = a + b*x
Weight No Weighting
Residual Sum of 
Squares
9.29616E-6
Pearson's r 0.99939
Adj. R-Square 0.9986
Value Standard Error
58.84 Intercept 2.95559 0.00656
58.84 Slope 0.02251 2.97548E-4

(-
1
0
-8
m
2
V
-1
s
-1
)
a
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18 19 20 21 22 23
3.68
3.70
3.72
3.74
3.76
3.78
3.80
3.82
3.84
(g) PSSL80
Equation y = a + b*x
Weight No Weighting
Residual Sum of 
Squares
1.79354E-5
Pearson's r 0.99938
Adj. R-Square 0.99858
Value Standard Error
66.76 Intercept 3.12717 0.00849
66.76 Slope 0.03103 4.13296E-4

(-
1
0
-8
m
2
V
-1
s
-1
)
a  
 
23 24 25 26 27
3.58
3.60
3.62
3.64
3.66
3.68
(h) PSSL80
Equation y = a + b*x
Weight No Weighting
Residual Sum of 
Squares
6.4985E-6
Pearson's r 0.99948
Adj. R-Square 0.9988
Value Standard Error
61.31 Intercept 3.12515 0.00623
61.31 Slope 0.02031 2.48778E-4

(-
1
0
-8
m
2
V
-1
s
-1
)
a
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Appendix C 
10 20 30 40
0.4
0.8
1.2
A
b
s
o
rb
a
n
c
e
/m
A
U
t/min
Model GCAS
Equation
y = y0 + (A / (w * sqrt(2 * PI))) * exp( -((x-xc
)/w)^2/2.) * (1 + abs((a3/6)*(((x-xc)/w)^3 - 3
. * ((x-xc)/w)) + (a4/24)*( ((x-xc)/w)^4 - 6. * 
((x-xc)/w)^3 + 3 ) ))
Reduced 
Chi-Sqr
1.91264E-4
Adj. R-Square 0.9916
Value Standard Error
Absorbance
y0 0.57717 2.72985E-4
xc 22.36453 0.01562
A 2.4789 0.00357
w 2.39466 0.00359
a3 0.48962 0.0145
a4 0.18184 0.00858
a1 - 5.44 x10
-3
 mmol L
-1
 
10 20 30 40
0.4
0.8
1.2
1.6
2.0
a1 - 16.31 x10
-3
 mmol L
-1 Model GCAS
Equation
y = y0 + (A / (w * sqrt(2 * PI))) * exp( -((x
-xc)/w)^2/2.) * (1 + abs((a3/6)*(((x-xc)/w)
^3 - 3. * ((x-xc)/w)) + (a4/24)*( ((x-xc)/w)
^4 - 6. * ((x-xc)/w)^3 + 3 ) ))
Reduced 
Chi-Sqr
5.57938E-4
Adj. R-Square 0.99459
Value Standard Erro
Absorbance
y0 0.70901 2.55098E-4
xc 25.39686 0.00893
A 6.3182 0.00571
w 2.86026 0.00321
a3 0.77369 0.00785
a4 0.3062 0.00403
A
b
s
o
rb
a
n
c
e
/m
A
U
t/min  
5 10 15 20 25 30 35 40 45 50
0.5
1.0
1.5
2.0
2.5
3.0
a1 - 27.19 x10
-3
 mmol L
-1
Model GCAS
Equation
y = y0 + (A / (w * sqrt(2 * PI))) * exp( -((x-xc)
/w)^2/2.) * (1 + abs((a3/6)*(((x-xc)/w)^3 - 3. 
* ((x-xc)/w)) + (a4/24)*( ((x-xc)/w)^4 - 6. * ((x
-xc)/w)^3 + 3 ) ))
Reduced 
Chi-Sqr
0.00301
Adj. R-Square 0.99255
Value Standard Error
Absorbance
y0 0.56356 6.48847E-4
xc 24.9904 0.01493
A 18.44637 0.02591
w 4.22032 0.00779
a3 -0.69904 0.00747
a4 -0.05703 0.00384
A
b
s
o
rb
a
n
c
e
/m
A
U
t/min  
10 20 30 40
0.4
0.8
1.2
1.6
2.0
a1 - 10.88 x10
-3
 mmol L
-1
Model GCAS
Equation
y = y0 + (A / (w * sqrt(2 * PI))) * exp( -((x-xc
)/w)^2/2.) * (1 + abs((a3/6)*(((x-xc)/w)^3 - 3.
 * ((x-xc)/w)) + (a4/24)*( ((x-xc)/w)^4 - 6. * ((
x-xc)/w)^3 + 3 ) ))
Reduced 
Chi-Sqr
0.00163
Adj. R-Square 0.98513
Value Standard Error
Absorbance
y0 0.58108 4.3838E-4
xc 24.00279 0.01295
A 5.43918 0.00882
w 2.39891 0.00504
a3 0.84783 0.01414
a4 0.35713 0.00694
A
b
s
o
rb
a
n
c
e
/m
A
U
t/min
18 27 36 45
0.5
1.0
1.5
2.0
2.5
a1 - 21.75 x10
-3
 mmol L
-1
Model GCAS
Equation
y = y0 + (A / (w * sqrt(2 * PI))) * exp( -((x-
xc)/w)^2/2.) * (1 + abs((a3/6)*(((x-xc)/w)^3
 - 3. * ((x-xc)/w)) + (a4/24)*( ((x-xc)/w)^4 - 
6. * ((x-xc)/w)^3 + 3 ) ))
Reduced 
Chi-Sqr
0.00142
Adj. R-Square 0.99339
Value Standard Error
Absorbance
y0 0.73107 4.58473E-4
xc 26.45568 0.01616
A 10.06613 0.01249
w 3.24012 0.00446
a3 0.67903 0.01216
a4 0.38644 0.00673
A
b
s
o
rb
a
n
c
e
/m
A
U
t/min
10 20 30 40 50
0
1
2
3
4
a1 - 32.63 x10
-3
 mmol L
-1
Model GCAS
Equation
y = y0 + (A / (w * sqrt(2 * PI))) * exp( -((x-
xc)/w)^2/2.) * (1 + abs((a3/6)*(((x-xc)/w)^3
 - 3. * ((x-xc)/w)) + (a4/24)*( ((x-xc)/w)^4 - 
6. * ((x-xc)/w)^3 + 3 ) ))
Reduced 
Chi-Sqr
0.00397
Adj. R-Square 0.99227
Value Standard Error
Absorbance
y0 0.64654 6.54109E-4
xc 25.90897 0.01732
A 24.30116 0.03481
w 4.88997 0.00847
a3 -0.61129 0.0072
a4 -0.01502 0.00405
A
b
s
o
rb
a
n
c
e
/m
A
U
t/min
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5 10 15 20 25 30 35
1.8
1.9
2.0
2.1
2.2
2.3
2.4
2.5
a2 - 5.44 x10
-3
 mmol L
-1
A
b
s
o
rb
a
n
c
e
/m
A
U
t/min
Model GCAS
Equation
y = y0 + (A / (w * sqrt(2 * PI))) * exp( -((x-xc)/
w)^2/2.) * (1 + abs((a3/6)*(((x-xc)/w)^3 - 3. * (
(x-xc)/w)) + (a4/24)*( ((x-xc)/w)^4 - 6. * ((x-xc
)/w)^3 + 3 ) ))
Reduced 
Chi-Sqr
5.29285E-5
Adj. R-Square 0.99786
Value Standard Error
Absorbance
y0 1.96767 1.77605E-4
xc 15.31772 0.00598
A 2.80255 0.00171
w 2.50745 0.00147
a3 0.28013 0.0049
a4 -0.16274 0.00308
 
5 10 15 20 25 30 35
2.0
2.5
3.0
3.5
4.0
a2 - 16.31 x10
-3
 mmol L
-1
A
b
s
o
rb
a
n
c
e
/m
A
U
t/min
Model GCAS
Equation
y = y0 + (A / (w * sqrt(2 * PI))) * exp( -((x-xc)/
w)^2/2.) * (1 + abs((a3/6)*(((x-xc)/w)^3 - 3. * (
(x-xc)/w)) + (a4/24)*( ((x-xc)/w)^4 - 6. * ((x-xc
)/w)^3 + 3 ) ))
Reduced 
Chi-Sqr
0.00136
Adj. R-Square 0.98906
Value Standard Error
Absorbance
y0 2.42708 6.3687E-4
xc 16.69171 0.00664
A 7.20679 0.01024
w 2.99404 0.00415
a3 0.91074 0.00516
a4 -0.1734 0.00272
 
5 10 15 20 25 30 35
2.0
2.5
3.0
3.5
4.0
4.5
5.0
a2 - 27.19 x10
-3
 mmol L
-1
A
b
s
o
rb
a
n
c
e
/m
A
U
t/min
Model GCAS
Equation
y = y0 + (A / (w * sqrt(2 * PI))) * exp( -((x-x
c)/w)^2/2.) * (1 + abs((a3/6)*(((x-xc)/w)^3 - 
3. * ((x-xc)/w)) + (a4/24)*( ((x-xc)/w)^4 - 6. 
* ((x-xc)/w)^3 + 3 ) ))
Reduced 
Chi-Sqr
0.00273
Adj. R-Square 0.99487
Value Standard Error
Absorbance
y0 2.39647 9.34485E-4
xc 16.60588 0.00617
A 14.66147 0.01637
w 3.06595 0.00403
a3 1.02918 0.00527
a4 0.19402 0.00228
 
 
5 10 15 20 25 30 35
2.5
3.0
3.5
a2 - 10.88 x10
-3
 mmol L
-1
A
b
s
o
rb
a
n
c
e
/m
A
U
t/min
Model GCAS
Equation
y = y0 + (A / (w * sqrt(2 * PI))) * exp( -((x-xc)/w
)^2/2.) * (1 + abs((a3/6)*(((x-xc)/w)^3 - 3. * ((x
-xc)/w)) + (a4/24)*( ((x-xc)/w)^4 - 6. * ((x-xc)/w
)^3 + 3 ) ))
Reduced 
Chi-Sqr
2.13553E-4
Adj. R-Square 0.99683
Value Standard Error
Absorbance
y0 2.4685 2.58508E-4
xc 16.10113 0.00387
A 5.1932 0.00387
w 2.88932 0.00215
a3 0.79667 0.00299
a4 -0.1971 0.00165
5 10 15 20 25 30 35
2.0
2.5
3.0
3.5
4.0
4.5
a2 - 21.75 x10
-3
 mmol L
-1
A
b
s
o
rb
a
n
c
e
/m
A
U
t/min
Model GCAS
Equation
y = y0 + (A / (w * sqrt(2 * PI))) * exp( -((x-x
c)/w)^2/2.) * (1 + abs((a3/6)*(((x-xc)/w)^3 -
 3. * ((x-xc)/w)) + (a4/24)*( ((x-xc)/w)^4 - 6.
 * ((x-xc)/w)^3 + 3 ) ))
Reduced 
Chi-Sqr
0.00141
Adj. R-Square 0.99417
Value Standard Error
Absorbance
y0 2.48584 7.07718E-4
xc 16.66218 0.00587
A 10.06115 0.0115
w 2.99084 0.00366
a3 0.89528 0.00461
a4 -0.03936 0.00225
5 10 15 20 25 30 35
2.0
2.5
3.0
3.5
4.0
4.5
5.0
5.5
a2 - 32.63 x10
-3
 mmol L
-1
Model GCAS
Equation
y = y0 + (A / (w * sqrt(2 * PI))) * exp( -((x-xc
)/w)^2/2.) * (1 + abs((a3/6)*(((x-xc)/w)^3 - 3.
 * ((x-xc)/w)) + (a4/24)*( ((x-xc)/w)^4 - 6. * ((
x-xc)/w)^3 + 3 ) ))
Reduced 
Chi-Sqr
0.00401
Adj. R-Square 0.9947
Value Standard Error
Absorbance
y0 2.32246 0.00109
xc 16.47606 0.00975
A 16.02601 0.01915
w 2.92448 0.00541
a3 1.01625 0.00952
a4 0.47498 0.00381
A
b
s
o
rb
a
n
c
e
/m
A
U
t/min
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6 8 10
0.8
1.0
1.2
b1 - 27.19 x10
-3
 mmol L
-1
A
b
s
o
rb
a
n
c
e
/m
A
U
t/min
Model GCAS
Equation
y = y0 + (A / (w * sqrt(2 * PI))) * exp( -((x-xc)/
w)^2/2.) * (1 + abs((a3/6)*(((x-xc)/w)^3 - 3. * (
(x-xc)/w)) + (a4/24)*( ((x-xc)/w)^4 - 6. * ((x-xc)
/w)^3 + 3 ) ))
Reduced 
Chi-Sqr
1.82868E-4
Adj. R-Square 0.98156
Value Standard Error
Absorbance
y0 0.84583 5.55062E-4
xc 6.84648 0.01161
A 0.19629 0.00214
w 0.27845 0.00175
a3 0.15042 0.08445
a4 0.10267 0.05725
 
4 6 8 10 12
0.5
1.0
1.5
2.0
2.5
3.0
b1 - 81.58 x10
-3
 mmol L
-1
A
b
s
o
rb
a
n
c
e
/m
A
U
t/min
Model GCAS
Equation
y = y0 + (A / (w * sqrt(2 * PI))) * exp( -((x-x
c)/w)^2/2.) * (1 + abs((a3/6)*(((x-xc)/w)^3 - 
3. * ((x-xc)/w)) + (a4/24)*( ((x-xc)/w)^4 - 6. 
* ((x-xc)/w)^3 + 3 ) ))
Reduced 
Chi-Sqr
8.77858E-4
Adj. R-Square 0.99634
Value Standard Error
Absorbance
y0 0.90358 9.09187E-4
xc 7.04249 0.00326
A 1.60288 0.00292
w 0.46345 7.78564E-4
a3 0.50441 0.01589
a4 0.11906 0.00924
 
4 6 8 10
0.25
0.50
b2 - 5.44 x10
-3
 mmol L
-1
A
b
s
o
rb
a
n
c
e
/m
A
U
t/min
Model GCAS
Equation
y = y0 + (A / (w * sqrt(2 * PI))) * exp( -((x-x
c)/w)^2/2.) * (1 + abs((a3/6)*(((x-xc)/w)^3 - 
3. * ((x-xc)/w)) + (a4/24)*( ((x-xc)/w)^4 - 6. 
* ((x-xc)/w)^3 + 3 ) ))
Reduced 
Chi-Sqr
3.87766E-5
Adj. R-Square 0.99341
Value Standard Error
Absorbance
y0 0.22446 3.11709E-4
xc 6.13508 0.00535
A 0.28138 0.00167
w 0.5293 0.00232
a3 -0.24274 0.01792
a4 0.28025 0.01452
 
4 6 8 10 12
1.0
1.5
2.0
b1 - 54.38 x10
-3
 mmol L
-1
A
b
s
o
rb
a
n
c
e
/m
A
U
t/min
Model GCAS
Equation
y = y0 + (A / (w * sqrt(2 * PI))) * exp( -((x-xc)
/w)^2/2.) * (1 + abs((a3/6)*(((x-xc)/w)^3 - 3. *
 ((x-xc)/w)) + (a4/24)*( ((x-xc)/w)^4 - 6. * ((x-
xc)/w)^3 + 3 ) ))
Reduced 
Chi-Sqr
0.00177
Adj. R-Square 0.97127
Value Standard Error
Absorbance
y0 0.9143 0.00106
xc 6.55097 0.00897
A 0.69247 0.00261
w 0.43407 0.00725
a3 -1.57969 0.07868
a4 -0.66395 0.01092
4 6 8 10 12
0.5
1.0
1.5
2.0
2.5
3.0
b1 - 108.77 x10
-3
 mmol L
-1
A
b
s
o
rb
a
n
c
e
/m
A
U
t/min
Model GCAS
Equation
y = y0 + (A / (w * sqrt(2 * PI))) * exp( -((x-xc)/w)
^2/2.) * (1 + abs((a3/6)*(((x-xc)/w)^3 - 3. * ((x-x
c)/w)) + (a4/24)*( ((x-xc)/w)^4 - 6. * ((x-xc)/w)^3
 + 3 ) ))
Reduced Chi-Sqr
0.00103
Adj. R-Square 0.99633
Value Standard Error
Absorbance
y0 0.98179 9.16131E-4
xc 7.20592 0.0038
A 1.85646 0.0036
w 0.48712 6.47955E-4
a3 0.33311 0.01676
a4 0.06426 0.01041
4 6 8 10
0.0
0.2
0.4
0.6
0.8
b2 - 10.88 x10
-3
 mmol L
-1
A
b
s
o
rb
a
n
c
e
/m
A
U
t/min
Model GCAS
Equation
y = y0 + (A / (w * sqrt(2 * PI))) * exp( -((x-
xc)/w)^2/2.) * (1 + abs((a3/6)*(((x-xc)/w)^
3 - 3. * ((x-xc)/w)) + (a4/24)*( ((x-xc)/w)^4
 - 6. * ((x-xc)/w)^3 + 3 ) ))
Reduced 
Chi-Sqr
7.29845E-4
Adj. R-Square 0.97233
Value Standard Error
Absorbance
y0 0.1703 7.29572E-4
xc 6.40371 0.0087
A 0.56785 0.00362
w 0.50934 0.00513
a3 -0.84576 0.03796
a4 -0.13228 0.01698
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4 6 8 10 12
0.0
0.4
0.8
1.2
b2 - 16.31 x10
-3
 mmol L
-1
A
b
s
o
rb
a
n
c
e
/m
A
U
t/min
Model GCAS
Equation
y = y0 + (A / (w * sqrt(2 * PI))) * exp( -((x-x
c)/w)^2/2.) * (1 + abs((a3/6)*(((x-xc)/w)^3 
- 3. * ((x-xc)/w)) + (a4/24)*( ((x-xc)/w)^4 - 
6. * ((x-xc)/w)^3 + 3 ) ))
Reduced 
Chi-Sqr
0.00286
Adj. R-Square 0.96995
Value Standard Error
Absorbance
y0 0.17603 0.00159
xc 6.84491 0.00592
A 0.99763 0.00537
w 0.48787 0.00418
a3 -1.11645 0.0304
a4 -0.18641 0.01131
 
 
4 6 8 10 12
0.0
0.5
1.0
1.5
2.0
b2 - 21.75 x10
-3
 mmol L
-1
A
b
s
o
rb
a
n
c
e
/m
A
U
t/min
Model GCAS
Equation
y = y0 + (A / (w * sqrt(2 * PI))) * exp( -((x-x
c)/w)^2/2.) * (1 + abs((a3/6)*(((x-xc)/w)^3 -
 3. * ((x-xc)/w)) + (a4/24)*( ((x-xc)/w)^4 - 6
. * ((x-xc)/w)^3 + 3 ) ))
Reduced 
Chi-Sqr
0.00418
Adj. R-Square 0.98058
Value Standard Error
Absorbance
y0 0.23111 0.0019
xc 7.28222 0.00408
A 1.45433 0.00547
w 0.48586 0.0031
a3 -1.33232 0.024
a4 -0.26053 0.00771
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